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VAbstract
Understanding the true interfacial mechanisms of the growth of the tribofilms
generated by Zinc Dialkyl Dithiophosphate (ZDDP) is important because it is the most
widely used anti-wear additive and there is legislative pressure to find efficient
environmentally-friendly replacements. The main focus of this study is to investigate
the effect of water on the interfacial mechanisms involved in the formation of the
ZDDP tribofilms and correlate it to the chemical properties of the glassy
polyphosphates. The effect of different parameters such as temperature, humidity,
mixed-water in oil, load and rubbing time on the tribofilm formation and its durability
has been studied experimentally and analytically using a Mini Traction Machine
(MTM) with the Spacer Layer Interferometry Method (SLIM) attachment. The role
of additive depletion on the pre-formed tribofilm thickness under mechanical stress
has also been studied. Results show that physical parameters such as temperature,
humidity and pressure significantly influence the tribofilm. X-ray Photoelectron
Spectroscopy (XPS) analysis was carried out to assess the evolution of the chemical
structure of the tribofilm during the test. The chemical analysis suggests that there are
different chemical properties across the thickness of the tribofilm and these determine
the durability characteristics.
A humidity control system was designed and integrated with the Mini Traction
Machine (MTM) and Spacer Layer Interferometry Method (SLIM) for the first time
to evaluate the effect of relative humidity and the tribochemical changes on the
tribological performance and tribofilm characteristics of boundary lubricated systems.
One of the key aspects in this study is the use of continuous humidity control system,
which can provide steady humid environment during the tribological tests. In the
VI
present study, the tribofilm thickness and wear results obtained experimentally were
used to develop a semi-deterministic approach to implement the effect of humidity
and mixed-water in wear prediction of boundary lubrication.
VII
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1Introduction
Motivation
There is a new legislation that restricts the use of ZDDP as an anti-wear additive due
to the new environmental rules to have Zinc free additives. It makes the lubricant
companies to look for an alternative which can provide the same properties as ZDDP.
Its unique properties of reducing wear requires a better understanding of the real
mechanism in which ZDDP can reduce wear in the tribological system before
replacing ZDDP with other additives. There is not only a lack of understanding in the
formation, removal and durability of ZDDP reaction layer formed on the surface but
also there is a need of investigating the composition of ZDDP tribofilm and its effect
on durability and wear performance. To better understand the interfacial mechanisms
of tribofilm formed by ZDDP, different factors need to be considered. One of this
factors in the tribology industry is the effect of water/humidity on the mechanical,
chemical and performance of ZDDP anti-wear film.
Water has been known as a contaminant in the lubricants since many years ago (1-3).
It can affect wear performance, especially in bearing systems, in different ways (4-
10). In addition, despite being poorly understood, water can greatly affect the
performance of lubricants and additives such as ZDDP anti-wear additive. It is widely
observed that the effect of water/humidity is not considered in most of the tribological
tests (11). Some studies were done to study the effect of humidity in the lubrication
system and tribological performance (friction and wear) but these studies are limited
to see only the effect of water on the wear performance or tribochemistry of the
surface (tribofilm formation). Tribochemistry is defined as the interaction between
base stock and additives in the lubricant while tribofilm is forming on the surface (3,
25, 9, 12-16). In this project, the effect of water/humidity on the interfacial
mechanisms, durability and chemical composition of ZDDP tribofilm and its effect
on wear performance is investigated.
Water changes the chemical and mechanical properties of the interfacial protective
film that is formed by the additives presenting in the lubricants. Hence the adsorption
of the tribofilm as well as its integrity will be modified. Such a modification of the
adsorption behaviour is suspected to cause an increase in the pitting of rolling
elements (1, 16, 17). Moreover, water may also affect the elastohydrodynamic film
thickness and bulk properties of lubricants, such as viscosity, total acid number
(TAN). The mode in which water affects lubricated contacts depends closely on the
type of base oil and additives as well as on the working environment (12) .
Duncanson (3) proposed that the effect of water on equipment and lubricants can be
classified into:
 Shorter component life
 Water erosion and cavitation wear
 Hydrogen embrittlement
 Oxidation of bearing babbitt
 Water can accelerate oxidation of the oil
 Decomposition of additives
Another parameter that is significant in the tribological systems is temperature.
Temperature can affect the tribofilm composition and wear performance. High
temperature can change the composition of the tribofilm formed on the surface. This
is mainly because the decomposition of additives such as friction modifier and anti-
wear additives is temperature dependent. Therefore, temperature can lead to changes
in friction and wear (15, 18).
3Many researchers tried to study wear of materials considering different parameters
such as load, hardness of material, sliding velocity. Archard tried to assess the effect
of load, hardness and sliding distance on wear rate. He proposed that in all the
experiments and different wear mechanisms, wear is independent of the apparent area
and it directly proportional to the applied load for most of the experiment (19).
Equation 1 is the form of relation that Archard developed.
ܸ = ܭ ܹ ܮ
ܪ
(1)
In this equation V is the wear volume, W is the normal load, L is the sliding distance,
H is the hardness of the material and K is the Archard wear coefficient.
Although extremely powerful, Archard’s equation has some limitations. The most
important one is that it has been developed for dry contact conditions. So much work
has been done to modify the Archard wear equation and adapt it to new conditions.
Archard assumed that wear is independent of apparent area which means that he did
not consider the effect of surface topography or surface roughness. Effect of transient
changes in surface roughness is missing as well (20). Archard equation considers just
single material properties which is hardness of the material that it is not sufficient
even for unlubricated sliding contacts and it can be seen from some experimental work
that sometimes wear does not relate linearly to load and sliding distance (21, 22).
These are the main gaps in the Archard equation which attract researchers to develop
it to new working conditions. Part of this project is to modify Archard’s wear equation
to be able to account for the effect of tribochemistry including water/humidity effects.
4Aims and objectives
Before discussing the research aims and objectives, it is worth mentioning that this
study can be split into three main parts including ex-situ characterisation of ZDDP
tribofilm formed on the surface in humid environment, investigation into the
durability and characterisation of ZZDP reaction layer to study the different properties
of ZDDP anti-wear additive film and finally development and validation of
tribochemical model considering the effect of water. This research also concerns with
investigating of adsorption, durability and removal (desorption) of ZDDP additive
decomposed on the metal surface.
This study not only aims at showing the complication of the relationship between the
chemical characterisation and tribological behaviour of the tribofilm but also aims at
proposing a new insight into the effect of mixed-water in oil, humidity, temperature,
load, rubbing time on interfacial mechanism involved in tribofilm formed by ZDDP.
The following objectives can be determined as follows:
1. Forming ZDDP tribofilm using PAO oil containing ZDDP anti-wear additive
mixed with different concentration of water to study the effect of water
contamination and its tribochemistry on tribocorossive wear of boundary
lubricated system. All the experiments in this part are carried out ex-situ by
using Mini Traction Machine integrated with Spacer Layer Interferometry
(MTM SLIM) at two different temperatures.
2. Characterisation of the composition of the ZDDP tribofilm by performing X-
ray Photoelectron Spectroscopy (XPS) at different times of starting the test in
order to evaluate the effect of water on the chemical composition, growth rate
and durability of ZDDP reaction layer.
53. Characterisation of tribological properties of ZDDP reaction layer by using
3D-profilometry to measure wear of the MTM ball. In addition to that it is
used to study the correlation between wear and chemical composition and
durability of the tribofilm formed on the surface at different conditions.
4. Forming ZDDP tribofilm using PAO oil containing ZDDP anti-wear additive
at different levels of relative humidity to study the interfacial mechanisms of
ZDDP tribofilm in humid environment. To be able to determine the effect of
humidity on the chemical composition and durability of the ZDDP reaction
layer, a humidity control system was designed and integrated to the Mini
Traction Machine (MTM) and Spacer Layer Interferometry Method (SLIM)
for the first time. All the experiments are conducted ex-situ by using MTM
SLIM at two different temperatures.
5. Characterisation of the tribological properties and chemical composition of
ZDDP tribofilm are performed by 3D-profilometrey and XPS at different time
of starting the test to see how tribofilm evolves in time at different conditions.
6. Investigation into the durability of the tribofilm and the correlation between
durability, chain-length of glassy polyphosphate and rubbing time. The role of
additive depletion on the pre-formed tribofilm thickness under mechanical
stress has also been studied in this part. The tribological test were carried out
by using MTM SLIM and chemical composition of tribofilm is evaluated by
XPS at different running conditions.
7. In the current study the tribofilm thickness and wear results obtained
experimentally are used to develop a semi-deterministic approach to
implement the effect of humidity and mixed-water in wear prediction of
boundary lubrication for the first time.
6Thesis outline
The report is divided into ten chapters. The first chapter discusses the motivation and
objectives of the PhD project. It also introduces the gaps of the study due to the lack
of understanding of the effect of water/humidity on the durability, tribological and
mechanical properties of ZDDP anti-wear layer. The second chapter provides a
theoretical background and an overview of the basics of tribology. The third chapter
discusses the state-of-the-art regarding the effect of tribochemistry on the tribological
behaviour of sliding and rolling contacts. It also discusses ZDDP additive, different
properties of formed layer and the effect of water lubricant. Additionally, the different
models used to study wear will be discussed and a new model that is capable of
overcoming the limitations of the existing models will be proposed. The fourth chapter
discusses the materials and the experimental procedure and techniques used in this
study. The fifth chapter describes the effect of water on the tribofilm characteristics
and its effect on wear. The sixth chapter shows humidity effects on ZDDP tribofilm
characteristics and its effect on wear performance. The seventh chapter delivers the
development of tribochemical model to take in to account the effect of water. An
investigation into the durability of the tribofilm formed by ZDDP is presented in
Chapter 8. The overall discussion of the thesis is described in Chapter 9. Finally, in
the last chapter, the conclusions are drawn from this study and the future plans will
be discussed.
7Fundamentals of Tribology, Lubrication
and Wear
Introduction
This chapter provides an overview of the basics of tribology. It is divided into three
sections. In section one, contact mechanics, friction and wear will be introduced. In
addition, a distinction will be made between dry and lubricated contacts as well as
between rolling and sliding contacts. The second section of this chapter gives a
general overview of the different lubrication regimes and the different lubricants and
additives, which are used to achieve certain tribological properties. Finally, a brief
summary of this chapter will be given in section three.
Tribology
Tribology is derived from the Greek word Tribos that means rubbing or sliding. The
definition of tribology is the science of interacting surfaces in relative motion (23).
Tribology investigates wear, friction and the effect of lubricants where two surfaces
are interacting; this includes the interaction between gases, solids and liquids (24).
Therefore, applying tribology to bearing applications provides a better understanding
of the different conditions that any new equipment needs to meet and hence better
designs can be achieved (23).
Contact between solids
The contact between interacting bodies is restricted to a small area, which is the region
of the apparent area between high spots of both contacting surfaces. Only high contact
stresses at considerable depths below the surface can make the real contact area (Ai)
8between contacting bodies close to the true contact area (23). The contact between
two solid surfaces is illustrated in Figure 2-1.
Figure 2-1 Real contact area of the rough surface (23)
Deformation of the high spots of contacting bodies, which are known as asperities, is
responsible for the real contact area between two surfaces. The contact between
asperities is responsible for wear and friction and the average contact stresses under
sliding conditions. Three types of contact between solids have been reported (23):
 Static contact where the tangential force is small
 Gross movement of the asperity when the tangential is at the maximum rate
 Unrestricted movement of asperity
Figure 2-2 shows three types of contact between surfaces.
Due to the high contact pressure between asperities, as shown in Figure 2-3, localized
plastic deformation among the asperities can occur. Nevertheless, it has been reported
that a large proportion of the contact between the asperities is completely elastic (25,
26). As the asperities are the load carriers, the correlation between the real contact
area and load is of great importance in terms of friction and wear (26).
9Figure 2-2 The transition from static contact to sliding contact for hard
asperity on soft contact (23)
Figure 2-3 Contact stresses between asperities (23)
Friction
Friction is defined as the resistance to movement of one body relative to another.
Amontons stated four empirical laws for the friction force (27):
 The maximum tangential force before sliding is proportional to the normal
force when a static body is subjected to increasing tangential load.
 The tangential friction force is proportional to the normal force in sliding.
 Friction force is independent of the apparent contact area.
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 Friction force is independent of the sliding speed.
These empirical laws can be applied for most tribosystems including metals under dry
and boundary lubricated conditions but it cannot be used for polymers (23).
Amontons’ second law indicates that the relationship between normal load (P) and
tangential force (F) can be described in the equation 2-1.
F = μP 2-1
Where µ is defined as the coefficient of friction.
Wear
Wear is defined as the removal of material from solid surfaces caused by mechanical
action (26). Generally, wear is divided into mild and severe wear. Using suitable
materials, adequate lubricant and choice of operational variables are vital in order to
obtain mild wear conditions; otherwise severe wear will be inevitable (26).
Transferring from mild wear conditions to severe wear is mainly related to the
topography of the contacting surfaces (25). That is because severe wear always occurs
when the rough surfaces rubbing against each other generate rougher surface than the
original one (27, 28). Throughout the wear process, wear debris can be generated.
Wear debris generation is significantly high during the running-in process but slows
down after the initial smoothing of the contacting surfaces. Two types of wear debris
may form, i.e. hard and soft particles as compared to the material of contact. The hard
particles can cause wear, e.g. abrasive and erosive, whereas soft particles can cause
indentation (29).
Wear mechanisms can be divided into four main categories: adhesive, abrasive,
fatigue, and tribocorrosion wear (30). Adhesive wear occurs primarily in dry contacts
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where asperities adhere to each other forming junctions. When the contacting surfaces
start moving past each other, shear force is generated. This force may break the
junctions between asperities and hence wear commences. Abrasive wear may occur
due to friction forces generated when a harder surface is moving against a softer one.
This form of abrasive wear is called two body abrasion (See Figure 2-4 and Figure
2-5).
On the other hand, wear may also occur due to friction forces generated between hard
wear debris and soft contacting surfaces. In this case, wear is called third body
abrasion. Fatigue wear takes place after many cycles of loading. Cracks are the main
signature of fatigue wear. They may initiate on the surface and propagate to the bulk.
This is the case when λ ratio, i.e. ratio between film thickness and surface roughness, 
is small and therefore an appreciated amount of solid-solid contact occurs. In addition,
cracks may initiate inside the solid and propagate towards the surface. This is typically
the case when λ ratio is large enough that elastohydrodynamic lubrication dominates 
Lancaster (30). These types of rolling contact fatigue can also be categorized as (31):
 Subsurface originated which is called spalling
 Subcase fatigue (in surface hardened components) called case crushing
 Surface originated called pitting
 Peeling which is now usually called micropitting
 Section fracture
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Figure 2-4 Different modes of two body abrasion (32)
Figure 2-5 3rd body abrasive particles between surfaces (32)
Running-in
The period in which two contacting surfaces start to contact in rolling/sliding
conditions is called running-in. This process plays a significant role in altering the
physical, chemical and mechanical properties of the interfaces. The phenomena which
occurs in this period is complex, therefore the material and lubricant behaviour is not
recognised in running-in period.
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The real-time wear measurement versus time is shown in Figure 2-6. Higher wear
happens during the running-in period compared to the steady state wear because of
the physical and chemical changes happening during this complex period. It can be
attributed to the asperities which are not smoothed enough during the running-in
process their sizes have not been changed.
Figure 2-6 Running-in and steady state wear versus time (33)
Wear under rolling-sliding conditions
The contacting surfaces in relative motion can be categorised into two zones: stick
and slip. Stick can be related to the situation where there is no relative motion between
the contacting surfaces. Slip zone is encountered when the contacting bodies are
moving past each other. Sliding contact occurs when slip is the only process involved
whereas rolling contact occurs when only stick between the contacts occurs. If both
stick and slip take place, the system is subjected to a rolling and sliding contact (28).
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Lubrication
Introduction
To reduce friction and improve wear resistance of the contacting surfaces, these
interacting surfaces should be separated. This is achieved using different types of
lubricants depending on the material of the interacting surfaces and the operational
conditions (34). Different types of lubricants, e.g. air, liquid oils and grease, can be
used (35).
Before considering the appropriate choice of lubricants, one should consider in which
regime the lubrication system under study is operating. Depending on the speed,
normal load and viscosity, the lubrication regime can be hydrodynamic lubrication
(HL), elasto-hydrodynamic lubrication (EHL), mixed lubrication (ML) or boundary
lubrication. These different regimes are illustrated in Figure 2-7.
Hydrodynamic lubrication is applied when the load is completely carried by the
lubricant film. In this case, the interacting surface are separated entirely by a thick
lubricating film (35). The thickness of this film is about 1-1000 µm (36).
Elasto-hydrodynamic lubricant regime is always applied when the oil film is thin and
the local pressure is very high (34). The plastic deformation caused by additional
pressure and load beyond the EHL conditions makes the asperities to be in contact
more than EHL regime. Consequently, the number of contacting asperities and
interacting surfaces will increase and the lubricant film thickness would be decreased
regarding the high load and pressure (37). The lubricating film in this regime usually
has a thickness of 0.1-1 µm (36).
Mixed lubrication regime occurs between the elasto-hydrodynamic regime and
boundary regime (38). Here, the asperities of the counterparts in motion carry part of
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load and the other part of the load is carried by the lubricant film (34, 39). The
lubricating film in this regime usually has a thickness of 0.01-1 µm (36).
In the boundary lubrication regime, the asperities of both interacting surfaces are in
direct contact (34, 39). The interaction between asperities of counterpart’s surfaces
generates energy that is transformed to friction, wear and heat. Thus, the local
temperature at the tip of these asperities increases to a very high level. This high
temperature is defined as the flash temperature (36). The average lubricant thickness
in the boundary lubrication regime is between 1-100 nm (36).
Figure 2-7 Stribeck curve, dependence of the friction coefficient on viscosity,
speed and load for a lubricated sliding system (36, 38).
Lubricants
Lubricant is a composition of base oil and different additives. Different formulations
of lubricants can be designed for various applications and processes depending on the
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operating conditions, material properties, and temperature. Base oil is generally
divided into two types: mineral oil and synthetic oil.
Mineral oil
Mineral oil is widely used as a base stock in the industries. It is produced from the
crude oil collected from different parts of the word (40). The general composition of
mineral oils consists of carbon chains that contain 20-40 carbon atoms in each
molecule. The small percentage of heteroatoms like sulphur, nitrogen and oxygen
replaces hydrogen in the hydrocarbon chains. These heteroatoms play a significant
role in keeping the oil stable. They are also capable of reacting with lubricant additives
and thus affecting the properties of the lubricant (12).
Mineral oils can be classified based on the chemical forms, sulphur content and
viscosity. Based on the chemical composition, they can be divided into paraffinic oils,
naphthenic oils and aromatic oils. The chemical structures of these oils are
summarized in Table 2-1. It should be noted that the relative proportion of paraffinic,
naphthenic and aromatic components can also be used as a basis for the classification
of mineral oils.
Synthetic oils
Because mineral oils have some drawbacks such as the oxidation and viscosity loss at
high temperature, synthetic oils become more popular among different industries (12).
Synthetic oils in terms of wear resistance and energy loss are more effective than
mineral oils. In addition, they are capable of being used in a wide range of temperature
(41). Because of their high oxidative resistance, synthetic oils can provide a longer
lubricant life. This lengthens the lubrication intervals and reduces the overall oil
consumption as well as waste disposal (12).
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Poly-α-olefins, esters and polyglycols are most widely used and most well-known 
synthetic oils. Poly-α-olefins (PAO) are unsaturated hydrocarbons with the general 
structure (-CH2-) n. These oils have high viscosity index, low volatility and good
oxidation stability. PAO and polyglycol provide less frictional loss than mineral oils
(42-44).
Table 2-1 Chemical structures of mineral oils (12).
PARAFFIN NAPHTHENE AROMATIC
Straight Branched
Ester oils, which are formed from the reaction of alcohol and a fatty acid, are used
when high temperature resistance and low flammability are needed. Esters are more
polar than other synthetic oils. This high polarity makes them more sensitive to water
contamination due to their high affinity towards water (45).
Additives
Different types of additive can be added to the lubricant to achieve certain properties
(12). These additives play a significant role in reducing friction and wear by
decomposing over the load carrying asperities and forming a protective tribofilm (37).
18
A wide variety of additives are available, e.g. friction modifiers, anti-wear, corrosion
inhibitors and extreme pressure additives. A summary of well-known additives,
including their chemical structure and purpose, is presented in Table 2-2.
Based on the information presented in the previous table regarding the different
additives used in industry for different applications, ZDDP can be used as an oxidation
inhibitor, corrosion inhibitor and anti-wear additive. There is a new legislation that
restricts the use of ZDDP as an anti-wear additive. It makes the lubricant companies
to look for an alternative which can provide the same properties as ZDDP.
Its unique properties of reducing wear require a better understanding the real
mechanism in which ZDDP can reduce wear in the tribological system before
replacing ZDDP with the other additives. Therefore, this additive will be used in this
study, which is concerned with studying the tribological properties, i.e. wear and
tribofilm characteristics formed on the surfaces by ZDDP reaction layer.
Conclusion
This project aims to investigate the interfacial mechanism of the tribofilm formed by
ZDDP including the effect of water on the mechanical properties, chemical
composition of ZDDP anti-wear layer and its effect on wear performance; durability
of the ZDDP tribofilm and its correlation with the mechanical and chemical properties
of ZDDP in lubricated sliding-rolling contacts under extreme pressure conditions.
The chapter introduces different aspects of the field of tribology including contact
mechanics, friction and wear. In addition, a distinction was made between dry and
lubricated contacts as well as between rolling and sliding contacts. Moreover, this
chapter reviewed the different lubrication regimes and the different lubricants and
additives that are used to achieve certain tribological properties.
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Table 2-2 Lubricants and additives (44, 46, 47)
Types of additive Chemical compound purpose Mechanism of
action
Oxidation
Inhibitors
Hindered phenol, amines,
organic sulphides,
Zinc phosphorodithloathes
Minimize
polymerization
to form resin,
varnish , sludge,
acids or
polymerizes
Decrease acid
formation by reduced
oxygen absorption of
the oil inhibits
catalytic reactions.
Anti-wear
additive
Zinc-phosphoro-dialkyl-
ditioates, Tricresylic
phosphates
Reduce
excessive wear
between metal
surface
The reaction with
metal surfaces leads
to the formation of
layers which undergo
a plastic deformation
and improve the
contact pattern.
Extreme pressure
additives
Sulphurized greases and
olefines, chlorinated
hydrocarbons, lead salts of
organic acids,
aminophosphates
Prevent
microscopic
welding
between metal
surfaces under
high pressure or
temperature
The reaction with
metal surfaces leads
to new compounds
with a lower shear
stability than the base
metal.
A continues process
of Shearing-off and
rebuilding.
Friction modifier Fatty acids, fatty amines,
Solid lubricants
Reduce friction
between metal
surface
Molecules with a
high polarity are
adsorbed on metal
surfaces and separate
the surfaces.
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As discussed before, mineral oils have several drawbacks such as the oxidation and
viscosity loss at high temperature whereas synthetic oils have better oxidation
resistance and higher viscosity index. Poly-α-olefin (PAO) is the most widely used 
and most well-known synthetic oil. Therefore, in this project PAO will be used as
model oil.
As mentioned earlier, this project aims at studying the tribological and tribochemical
properties under extreme pressure conditions. Many additives that are suitable for
extreme pressure conditions were reviewed. ZDDP was found to be compatible with
PAO and can be used as anti-wear additive in extreme pressure conditions. Therefore,
it will be used as model additive in this study.
Water is envisaged to affect the mechanism of ZDDP decomposition and the
formation of the tribofilm. In addition, owing to their high polarity, PAO are sensitive
to water contamination, which may alter their lubrication properties and the ability to
dissolve additives and form protective tribofilms. These aspects have significant
effects on the tribological properties especially under extreme pressure conditions
where tribochemistry can play a major role. Hence, in the next chapter the state-of-
the-art of the effect of water, tribochemistry on the tribological behaviour of sliding
and rolling contacts will be discussed in more details.
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Review of the Literature
Introduction
This chapter reviews the state-of-the-art of the effect of tribochemistry on the
tribological behaviour of sliding and rolling contacts. The chapter is divided into four
main sections. In the first section, the effect of water on tribochemistry, will be
introduced. Different aspects will be discussed including the water absorption
properties of lubricants and the effect of water on wear as well as on lubricant,
additives, and solid surfaces. In the second section, composition of ZDDP antiwear
film as well as mechanical and tribological properties and chemistry of ZZDP will be
discussed in detail. A critical review will be provided in Section 3.4 for the very few
models that describe the tribochemistry and tribocorrosion phenomena under
mechanical work, e.g. friction and wear. The strengths and limitations of every model
will be highlighted. Finally, the literature findings will be summarised and some
conclusions drawn regarding the design of the experiment and the models to be used
or introduced to fit the experimental data.
Water in oil
Introduction
The presence of water in the lubricated tribosystems particularly in bearing
applications can cause corrosion and hydrogen embrittlement, which can increase
wear and friction (8). In addition, the small amount of water even in part per million
(ppm) may accelerate the oxidation of oil (12). Water can enter the oil in different
ways (48):
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 Absorption: oil can get the moisture from the air directly. The amount of water
absorbed by oil can be attributed to the saturation point, which is the maximum
amount of water which is able to dissolve in the oil, the relative humidity and
temperature.
 Condensation: the moisture in air can enter the oil as of the different operating
temperatures may result in condensation.
 Combustion or oxidation or neutralization: one of the by-products of fuel
combustion is water and it can be combined with water entered from the air.
 Free water entry: The addition of additives or some other fluids can be a source
of water in the lubricated system as free water.
Types of water contamination in the lubricated system
To investigate the effect of water contamination on the performance of lubricated
systems, it is essential to know the form of water existing in oil (49). Water can present
in oil in two different forms (2):
 dissolved water
 free water
Dissolved water case occurs when the amount of water in oil is less than the saturation
point (1, 50). The saturation curve for typical oil is illustrated in Figure 3-1. Free water
occurs when the amount of water in oil is more than saturation point. In this case,
droplet of water will be formed in oil resulting in an emulsion formation (50). Figure
3-2 indicates a description of different forms of water in oil. Typically, water droplets
will not be stable from coalescence unless an emulsifier is added. This emulsifier
consists of a polar hydrophilic head that surrounds water and a hydrophobic tail that
is attracted to the oil. In order to stabilize water droplets, the emulsifier forms micelles
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(2) as illustrated in Figure 3-3. The most well-known forms of water in oil is the revers
micelle.
Figure 3-1 The saturation curve for typical oil (52)
Water absorption properties of lubricants
The factors determining the absorption properties of lubricants are the oil
composition, physiochemical properties, concentration of additives, contaminants and
local environment, e.g. temperature and pressure (42). Cantley (4) investigated the
effect of relative humidity, i.e. 20, 60 and 100%, on 12 different oils, including
mineral oils, synthetic oils and oils with EP additives. The results showed that the
higher the non-polarity of a lubricant the higher the hydrophobicity and hence the
lower the affinity towards absorbing water, which is in accordance with theory. These
results also suggested that the addition of additives to oil increases the absorption of
water due to their effect in decreasing the extent of hydrophobicity of the oil. For
instance, SAE mineral oil absorbed approximately 100 ppm at 100% relative humidity
whereas the same oil with EP additive absorbed approximately 700 ppm at the same
relative humidity. In addition, Cantley (4) revealed that, generally, synthetic oils
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absorb more water than mineral oils. This was evident from observing that Diester
synthetic oil absorbed approximately 3000 ppm at 100% relative humidity as
compared to 100 ppm in the case of SAE mineral oil.
Figure 3-2 Forms of water in oil (51)
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Figure 3-3 Reverse micelles in oil (2).
The effect of water in dry and lubricated systems
Water can affect friction and wear of lubricated systems in three different ways (53).
Firstly, water may affect the formation and removal of the tribofilm by altering the
capability of long chain molecules to adhere to the surface. Secondly, it may modify
the chemical composition of the tribofilm. Thirdly, water can increase pitting
especially in rolling elements. (44, 53). These effects are manifested in altering the
bearing performance by modifying friction and wear.
Hamaguchi (43) investigated the effect of water on the film thickness in EHD
lubrication regime. They prepared emulsion of water of different concentrations in
liquid paraffin. The results showed that the film thickness is not affected by the
presence of water. The authors concluded that only the pure oil determines the EHD
properties without any adverse effect of water.
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Goto and Buckley (54) studied the effect of relative humidity on friction and wear
under fretting condition of different metals in dry contact. In case of iron, it was found
that for values of relative humidity under 10%, the friction coefficient was constant
whereas wear volume increased steadily, which is shown in Figure 3-4. At a relative
humidity of 10%, friction and wear dropped drastically. For higher values of relative
humidity, wear and friction exhibited distinctive plateau where no further change in
friction and wear was noticed.
Figure 3-4 Effect of relative humidity on wear and friction (54)
After a large number of loading cycles, strain and stress accumulation in the
contacting surfaces cause fatigue to occur (12). Fatigue is responsible for the incident
of pitting where the detachment of large parts, compared to asperities size, of the
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surface occurs. This mainly takes place when λ, the ratio of film thickness to surface 
roughness, is small (53).
Cantley (4) investigated the effect of water on oil lubricated tapered roller bearing.
The author studied different cases of a full-scale bearing lubricated with 12 different
oils. These oils were subjected to three levels of relative humidity, i.e. 20, 60 and
100%. The water concentration in the oils was in the range of 25-400 ppm as
determined by Karl Fischer titration method. The results revealed an exponential
reduction in bearing fatigue life with the increase in water concentration as shown in
Figure 3-5.
Figure 3-5 Effect of water contamination on bearing life (4)
Cantley proposed that the relative bearing life, L, could be estimated at different water
concentations, X, in ppm, using equation 3-1:
ܮ= ൬100
ܺ
൰
଴.଺
3-1
Where the factor 100 corresponds to a bearing life of 1.
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Similarly, the effect of water and oxygen on rolling contact lubrication was
investigated by Schatzberg and Felsen (55). Their experimental work focused on the
performance of the angular contact ball bearing lubricated with different paraffinic
oils. The authors considered two levels of dissolved water concentration, i.e. < 10 ppm
and 100 ppm. The results showed a significant reduction in bearing fatigue life even
at concentrations as small as 100 ppm. Schatzberg and Felsen suggested that this
reduction might be attributed to the condensation of small amount of water in the
microcracks, which are chemically more reactive, in the metallic surface. This leads
to corrosion and hydrogen embrittlement, due to atomic hydrogen, within the
microcracks and hence accelerated fatigue.
Effect of water on viscosity
Water contamination may affect oil viscosity and in turn, the change in the oil
viscosity can change the lubrication regime from elastohydrodynamic to severe
lubrication regimes such as mixed or boundary lubrication regime.
Liu et al. (56) studied the effect of free water of concentrations between 8 and 36 vol.
% on the viscosity of four different paraffinic mineral oil. At this large concentrations,
water and oil form emulsion. In order to stabilize this emulsion, Liu et al. added
emulsifying agent with concentrations between 1 and 8 vol. %. They noticed that
although the viscosity of the emulsion is larger than the one of oil, a thinner EHD film
is formed. It was also observed that small amount of water (dissolved water) does not
change the bulk properties, i.e. viscosity and TAN, of the oil (12).
The effect of water on viscosity seems to be strongly dependent on the amount of
water in oil. Smaller amount appears to have no effect on water, which is evident from
Chen et al. (12) results. On the other hand, at larger amount of dissolved or free water,
viscosity is expected to increase, which is evident from the results of Liu et al. (56).
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This suggests that it is not sufficient to report only the relative humidity values but
the exact amount of water in oil is required as well.
Effect of water on hydrogen embrittlement
Ciruna and Szieleit (8) suggested that the main sources of atomic hydrogen are water
and lubricant decomposition. They studied the effect of hydrogen on rolling contact
fatigue life using steel balls that were electrolytically charged with different
concentrations of atomic hydrogen. The results showed that the higher the
concentration of hydrogen in steel the smaller the fatigue life. Their study confirmed
that hydrogen embrittlement is one of the main factors that inversely affect the life of
bearings.
Vincent et al (57) investigated hydrogen embrittlement of a ball bearing of stainless
steel. The authors introduced hydrogen to the ball by cathodic charging. Their results
revealed that the hydrogen tends to be localized at the carbide-martensite interfaces.
In addition, the results showed that the hydrogen traps increases with load by an
amount that is different depending on the load whether static or dynamic.
Likewise, the hydrogen embrittlement mechanisms of ferritic steels was assessed by
Neeraj et al. (58) . They conducted two sets of experiments. In the first one, samples
were electrochemically hydrogen pre-charged whereas in the other set samples were
tested in high-pressure hydrogen, i.e. 5.5 MPa, 21 MPa and 103 MPa. The results
revealed that in the presence of atomic hydrogen, sub-grain structure refinement,
enhanced plastic flow as well as nanovoids coalescence might occur.
Effect of water on oil oxidation
The interaction of heat, pressure and air in the lubricated system can result in oil
oxidation. The oil oxidation can be enhanced by water contamination by orders of
magnitude (59) as shown in Figure 3-6. The by-products of oil oxidation are always
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acids, which can make the environment more corrosive. This corrosive environment
can accelerate the wear rate (45).
Figure 3-6 Catalytic effect of water and metals on oil oxidation as calculated by
total acid number (59)
Ciruna and Szieleit (8) suggested that the main sources of atomic hydrogen are water
and lubricant decomposition. The interaction of heat, pressure and air in the lubricated
system can result in oil oxidation (51).
Interacting surfaces can be affected directly by water or they can be affected indirectly
when the water oxidises the lubricants and additives or generates atomic hydrogen
that leads to hydrogen embrittlement.
Effect of water on lubricant performance
A review of the effect of water on friction and wear of lubricated systems is made by
Lancaster et al. (53) and more recently by Cen et al. (60). Firstly, water may affect
the formation and removal of the tribofilm by altering the capability of long chain
molecules to adhere to the surface. Secondly, it may modify the chemical composition
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of the tribofilm. Thirdly, water can increase pitting especially in rolling elements.
These effects are manifested in altering the bearing performance by modifying friction
and wear. Sheiretov et al. (61) investigated the effect of dissolved water on the
tribological properties of three oils, i.e. Polyalkylene Glycol (PAG) with water content
from 200 to 17000 ppm and two Polyolester (PEl and PE2) oils with water content
from 70 to 1600 ppm. In all the measurements conducted in an air atmosphere, the
wear of cast iron plates shows a decrease with increasing the water content. Different
additives can be added to lubricants to achieve certain properties. These additives can
be viscosity-index improvers, anti-wear, friction modifier and extreme pressure
additives (60).
It has been widely reported that ZDDP acts as an antiwear additive in the boundary
lubrication regime by forming a relatively thick tribofilm on the contacting asperities.
This solid-like tribofilm increases the load carrying capacity of the surfaces and
protects the surfaces by being partially removed and preventing the direct solid-solid
contact of substrates. Chemical, physical and mechanical properties of this tribofilm
control the wear behaviour of the system (62).
Summary of the effect of water on lubricant
The main drawbacks of water contamination on lubricants are corrosion, increased
wear and premature failure of lubricated metal surfaces. Interacting surfaces can be
affected directly by water or it can be affected indirectly when the water damages the
lubricants and additives effectiveness or generates atomic hydrogen that leads to
hydrogen embrittlement.
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Zinc Dialkyl Dithiophosphate (ZDDP)
ZDDP as an anti-wear additive
Zinc Dialkyl Dithiophosphate (ZDDP) is the most commonly used antiwear additive.
Based on the new environmental legislations, using ZDDP in lubricant oils is
restricted. This results in finding new alternatives for ZDDP that can act as a good
antiwear additive. Therefore understanding the true mechanisms in which ZDDP acts
as an antiwear additive is essential.
It is reported that ZDDP reacts with the steel surface to generate amorphous reaction
layer (63, 64). X-ray absorption spectroscopy and X-ray Photoelectron Spectroscopy
(XPS) have been used to evaluate the chemical characterisation of ZDDP reaction
layer including durability, structure and reactivity of ZDDP molecules (63, 65, 66). It
was found that ZDDP molecules has three different structures: the monomeric form
consists of Zn2 [PS2 (OR) 2]2 which has Zinc atom surrounded by four Sulphur atom,
neutral form consisting Zn2 [PS2 (OR) 2]4 which has Zinc atom attached to two di-
thiouphosphate groups and the basic form Zn2 [PS2 (OR) 2]6 O which attributed to the
structure proposed by Burn and Smith (67) by using X-ray Absorption Fine Structure
(XAFS) spectroscopy (66, 68-70)( see Figure 3-7). It has been suggested that in this
structure, Oxygen atoms surrounded by four Zinc shown tetrahedral configuration
(71). One of the most well-known structures of ZDDP is the neutral structure which
is shown in Figure 3-7. ZDDP can be categorised as primary, secondary and tertiary
based on the carbons atoms that could be attached to the alkyl (R) groups.
It is reported that the diffusion or adsorption of the ZDDP molecules on the substrate
is necessary prior to the formation of any surface films (62, 72). Surface studies show
that ZDDP thermal films are different from tribofilms (73-75). It has been reported
that the tribofilm, unlike thermal films, needs asperity-asperity contact and sliding to
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be formed on the surface. They form at much lower temperatures than the thermal
films and only form on rubbing tracks (62, 76-78). The thickness of the tribofilm is
reported to be in the range of 50-150 nm on steel surfaces (77, 79, 80). ZDDP
tribofilms grow initially on small single patches and after some time cover the surface
in pad-like structures (81).
Figure 3-7 Different structures of ZDDP: (I) neutral monomeric in equilibrium
(II) neutral dimeric (III) basic ZDDP (82)
Mechanical properties and durability of ZDDP tribofilm
There are several works which study the mechanical properties of ZDDP tribofilms
formed in boundary lubricated contacts (81, 83-88). They found that the properties of
the tribofilm layers are dependent on applied load and can be adapted to conditions
(89). They also showed that the mechanical properties of tribofilms vary from surface
to substrate (90). A schematic figure of the multilayer structure of ZZDP tribofilm is
shown in Figure 3-8 and Figure 3-9 illustrate the patchy structure of ZDDP tribofilm
formed on the surface. Figure 3-9 shows that the first layer of the tribofilm formed on
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the steel surface consists of more FeS/ZnS due to the presence of higher iron
concentration in the tribofilm close to the surface. The topmost layer of the tribofilm
contains more zinc polyphosphates as the iron concentration is lower compared to the
bulk of the tribofilm. It is also shown that the chain length of the polyphosphates
varies within the tribofilm. The higher iron concentration results in the shorter chain
polyphosphates formed on the surface.
Mosey et al (89) developed a new theory for the functionality of ZDDP tribofilms at
the molecular level. They suggested that pressure-induced cross-linking is the reason
for chemically-connected networks and many aspects of experimentally-observed
behaviour of ZDDP can be explained by this theory. It was reported that the high
pressure at the surface of the film will lead to higher cross-linking and result in longer
chain phosphates. The different mechanical properties of long and short chain
polyphosphates were simulated and reported in the work. ZDDP forms different types
of tribofilm on various surfaces such as Al/Si alloys, DLCs and steel. The tribofilm
on steel surfaces is more durable in comparison with the ones on DLC or other inert
surfaces (91, 92). The effect of the steel substrate in changing the nano-indentation
results of tribofilm has been reported and different models for extracting the tribofilm
properties were developed (83, 90). All these studies give good insights of mechanical
characteristics of ZDDP tribofilm under severe conditions that might explain some of
the experimentally-observed behaviour (62).
It was suggested by Morina et al (93) that the durability of tribofilm can be evaluated
by the chemistry of the tribofilm formed on the surface. The experiments were based
on investigating the formation, stability and removal of the tribofilm by changing the
oils during the tests and monitoring the friction coefficient. It was reported that ZDDP
tribofilm is durable once it is formed. The concept of tribofilm removal was also
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reported by Lin et al (94). Based on the experimental wear results, they suggested that
a comparison between the rate of formation and removal of the tribofilm can
characterise wear in boundary lubrication.
Figure 3-8 Schematic of multilayer structure of ZDDP (a) before and (b) after
washing with solvent (83)
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Figure 3-9 Schematic of the patchy structure of ZDDP tribofilm (62)
Chemistry of ZDDP
The chemical composition of the ZDDP tribofilm in boundary lubrication condition
on steel surfaces has been extensively characterized. It is reported that there is a
viscous layer of physically -adsorbed additive on the top layer of the tribofilm which
can be easily removed by means of solvents and washing. Underneath this viscous
layer, there is a chemically adsorbed layer of amorphous zinc and iron polyphosphates
with different chain lengths (62, 95-97).
It has been reported that the ZDDP tribofilm has a layered structure with different
chain lengths at different positions in the layer (95, 97). Shorter chain polyphosphate
layers are present at the bottom adjacent to the substrate interlinked with the iron
oxide. The top layer is reported to be thinner consisting of mainly longer chain
polyphosphates. It is not clearly reported experimentally that an interface is present
between the layers and it is most likely to be gradual changes in the structure of the
tribofilm.
Crobu et al. (95, 98) characterised the surface chemistry of zinc polyphosphates using
XPS and Time-of-Flight Secondary-Ion Mass Spectroscopy (ToF-SIMS) by assessing
the intensity ratio of bridging oxygen (P-O-P) and non-bridging oxygen (P=O and P-
O-M) and. It has been suggested that the chain length of the glassy phosphates in the
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tribofilm can be identified by a combined use of bridging oxygen/non-bridging
oxygen (BO/NBO) intensity ratio, Zn3s-P2p3/2 binding energy difference and a
modified Auger parameter. This combined method allows characterisation of
polyphosphate chain composition ranging from zinc orthophosphate to zinc
metaphosphate (See Figure 3-10).
Figure 3-10 Identification of different composition of zinc polyphosphates (98)
Growth of ZDDP tribofilm
An important aspect in the study of ZDDP tribofilms has been its growth and
thickness. The growth of ZDDP tribofilm on contacting surfaces has been subject of
several studies (81, 88, 99-103). Almost all of the works report similar observations
of ZDDP tribofilm growth on steel surfaces with the reported thickness reaching 50-
150 nm. Fujita et al (104, 105) studied the growth of ZDDP tribofilm using a Mini
Traction Machine and Spacer Layer Interferometry. They investigated the effect of
temperature and concentration of both primary and secondary ZDDPs on the growth
of the tribofilm on the surface. They concluded that higher temperature leads to faster
growth and thicker tribofilms. The same pattern was observed for different
concentrations of ZDDP. Higher concentrations result in faster rate of growth. The
Orthophosphate
Pyrophosphate
Polyphosphate
Metaphosphate
Shorter
chain
Longer
chain
Phosphate Glass BO/NBO
0.20±0.05
0.37±0.05
0.48±0.02
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experimental results were then used to extract semi-empirical relationships for the
growth of the tribofilm.
The tribofilm growth model used in that work was a combined formation and removal
model. It was suggested that ZDDP tribofilms are very durable when rubbed in base
oil once they are formed. A base oil containing dispersant was found to be essential
to remove the tribofilm patches. It was shown that secondary ZDDPs reach to a
maximum film thickness very rapidly and then a removal of the tribofilm occurs due
to different surface phenomena. They suggested that a combined model of formation
and removal can explain such a behaviour. It was hypothesized that the removal
process only begins after some time of rubbing. The reason for this is the maximum
film thickness reached at the beginning stages of rubbing (104, 105). There was a
difference between the growth patterns for primary and secondary ZDDPs. Results
revealed that primary ZDDP generally follows a straightforward increase in the
thickness while secondary ZDDP grows to a maximum value and then levels out to a
steady-state.
Recently, Gosvami et al (106) designed an experiment to monitor the growth of the
ZDDP tribofilm in a single asperity contact. They used Atomic Force Microscopy
(AFM) to generate the tribofilm and monitor the growth in-situ. It was reported that
temperature and stress play a significant role in the initiation of the tribochemical
reactions. They also reported that the tribofilm can form on inert surfaces such as
DLCs and did not highlight the effect of substrate on the formation of chemically-
reacted tribofilms on surfaces. They have stated that the durability of the tribofilm
formed on the surfaces varies with the nature of the surfaces which is in line with the
results reported in the literature (91, 92).
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Ghanbarzadeh et al (107) recently reported a theoretical model with a hypothesis that
formation and removal of the tribofilm happen at the same time (107). The hypothesis
was based on the experimental observations of removal of the tribofilm and wear of
the system even in the presence of fully formed tribofilms (86, 103, 108). The wear
hypothesis was then validated against some wear measurement experimental results
(109, 110) and has shown good agreement. Testing the model in different conditions
suggests that the removal of the tribofilm at different times of the experiment might
be different from a fully formed tribofilm and this is in agreement with the
experimental reports of (93, 104).
The aim of this study is to investigate the effect of different physical parameters such
as temperature and load on the durability of the ZDDP tribofilm. The tribofilm
chemical characteristics were also evaluated using XPS. The change in the tribofilm
thickness was correlated to the chemistry of the glassy polyphosphates.
Effect of water on tribochemistry of ZDDP
Different additives can be added to lubricants to achieve certain properties. These
additives can be viscosity-index improver, anti-wear, friction modifier and extreme
pressure additives (12). The properties of additives such as the solubilisation
characteristics in oils can be changed by the water contamination. Therefore, de-
solubilisation of some additives may happen (40). Water contamination can react with
oil additives and create destructive and harmful material such as sludge or acid, which
make the additives chemically unusable. For instance, some sulfurized additives such
as ZDDP can be decomposed by water contamination in to the hydrogen sulphide or
sulphuric acid which damages bearing surfaces (40).
Rounds (16) studied the effect of free water on the decomposition of ZDDP and the
results showed that water seems to accelerate the rate of ZDDP decomposition and
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the formation of tribofilm. Therefore, they suggested that the decomposition of ZDDP
is due to not only thermal decomposition but also hydrolysis. In contrast, Faut and
Wheeler (111) found that for another type of phosphate additives, i.e. Tricresyl
Phosphate (TCP), water inhibits the tribofilm formation.
Nedelcu et al. (44) studied the effect of water in lubricated sliding and rolling contacts
with PAO and ZDDP additive. Three concentrations, i.e. 0.5, 1 and 2 wt. %, of added
water were used. The results showed that water affects the decomposition of ZDDP
and inhibits the growth of the ZDDP tribofilm. This effect manifests itself in the
formation of shorter polyphosphate chains. The authors attributed these effects to the
depolymerisation reactions of the long polyphosphate chains and to the increased
surface distress in the presence of water.
Likewise, the effect of relative humidity, i.e. 20, 60 and 100% on ZDDP anti-wear
performance was assessed by Cen et al. (12) in lubricated steel/steel contacts under
extreme pressure and pure sliding conditions using ball-on-disc test rig. In addition to
the tribological tests at duration of 2 h, they performed tests at shorter times, i.e. 5,
20, 30 and 60 min, to study the variation of water concentration and wear with testing
time. Similar to the findings of Nedelcu et al. (44) . It was observed that the ZDDP
additive inhibits the formation of the protective tribofilm. They also noticed the
formation of shorter phosphate chains with increasing the amount of water in oil.
The effect of water on additives seems to be system dependent. Therefore, a detailed
systematic study is needed to reveal such discrepancies in the published data. While
recent research has increased the understanding on ZDDP tribofilm, the effect of water
in oil on tribological performance is still not fully understood. In addition, wear
prediction in these systems is still very limited. The current study aims to
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experimentally assess the impact of water in oil on tribofilm growth rates with the
purpose of developing models capable to predict wear.
Summary
Throughout this chapter the state of the art of different aspects of the composition of
ZDDP anti-wear additive was discussed. First and foremost, an overview of ZDDP as
antiwear additive was provided. It was shown that the diffusion or adsorption of the
ZDDP molecules on the substrate is necessary prior to the formation of any surface
films and the tribofilm, unlike thermal films, needs asperity-asperity contact and
sliding to be formed on the surface. They form at much lower temperatures than the
thermal films and only form on rubbing tracks. All the recent studies confirmed that
the concentration of Fe increases towards the substrate whereas Zn concentration
decreases. It was also discussed that ZDDP reaction layer formed on the surface has
a patchy layered structure of large and small pads.
The mechanical properties of ZDDP anti-wear additives was explored in this chapter.
It was found that the mechanical properties of the ZDDP reaction layer vary from the
surface to substrate. The tribofilm chain length decreases towards the substrate and
the bulk of the tribofilm consists of more short chain polyphosphates. The chemical
composition of the ZDDP tribofilm in boundary lubrication condition on steel
surfaces has been has extensively been discussed in literature. It is proposed that there
is a viscous layer of physically -adsorbed additive on the top layer of the tribofilm
which can be easily removed by means of solvents and washing. Under this viscous
layer, there is a chemically adsorbed layer of amorphous zinc and iron polyphosphates
with different chain lengths. It was shown that the polyphosphate chain composition
ranging from zinc orthophosphate to zinc metaphosphate.
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Modelling approaches
Introduction
For more than 50 years, researchers have studied friction and wear as individual
sciences but because of the emergence of challenging applications and new
technologies, they had to adapt this science to include more parameters with more
realistic assumptions. Therefore, the effect of different parameters such as humidity,
temperature and the various lubricant properties becomes crucial in reducing the
failures and increase the life time of equipment. In the beginning, most of the
researchers used simple equations such as Archard equation to calculate wear volume.
Nowadays, due to the fact that most tribological systems are exposed to corrosive
environment and that makes researchers to study both mechanical wear and chemical
wear (112) in conjunction. Considering only the mechanical aspects or only the
chemical aspects is insufficient to completely understand many systems like the
failure and reliability of offshore wind turbines (113), performance of biological
implants (114) and chemical mechanical polishing (115).
It has been reported that mechanical and chemical parameters can affect each other
significantly (112) and this interaction is not simply additive. It may be greater than
or less than the individual wear processes (mechanical and chemical) depending upon
the nature of contact. In the corrosive environment, the total material loss from the
surface cannot be calculated from the material loss due to pure wear or pure corrosion
(116, 117). Thus, it can be concluded that the synergistic effect between mechanical
and electrochemical wear plays a significant role in the tribocorrosion system.
Mechanical parameter like friction, wear, deformation and contact geometry can
change the electrochemical properties of the tribocorrosion system.
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The excess energy at the interface may change the activation energy for reactions,
also the mechanical wear may generate fresh metal surfaces, restoring the corrosion
potential (118) . On the other hand, electrochemical process decreases the mechanical
strength of surface layers which in turn affects tribological performance such as
friction, wear and the lubricant performance (112).
Modelling of tribocorrosion
The theoretical approaches used to model the tribocorrosion phenomenon are various.
In fact the ways in which these different approaches are categorized is also different.
A recent review of the modelling approaches has categorized them to be one of the
three: Empirical (119), Fatigue (120) or kinetic (32) models (118). The empirical
models are the most straight forward ones but the terms and parameters of the model
do not have physical meanings. These are mainly based upon fundamental
observations of physical phenomenon. The fatigue models also involve basic kinetics
to quantify the crack initiation and growth. The kinetic models on the other hand have
quite well rooted basis but require much effort in describing the activation energy for
each wear cycle. Thus, among all three, the empirical models are the most relevant in
engineering applications.
The above categorization is not quite famous among the tribocorrosion practitioners
and researchers. Instead, the following two are considered to be, generally, the two
types of models that are in use and in current research nowadays.
Electrochemical models
Electrochemists are interested, mainly, in investigating the repassivation kinetics in
tribocorrosion of sliding systems and they try to model the current density during
sliding (112). Many electrochemical methods have been used previously to
investigate the effect of repassivation kinetics on the sliding conditions (121) .
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The film growth kinetics and the ohmic drop have been taken in to consideration in
the electrolyte among the wear scar and the reference electrode (122). Synergistic
effect among wear and corrosion is responsible for the non-additivity of the chemical
and mechanical material loss (116). Regarding the research that have been done so
far, local abrasion of passive film may result in an increase in wear rate because
corrosion would be increased, hard oxide particle which is originated from the surface
due to corrosion can lead to abrasive wear and transferring material from one body to
another (123, 124). It can be said that the plastic deformation can be related to the
relationship between mechanical wear and tribochemical wear in the tribocorrosion
system (125). In 1998, Mischler et al. (116) proposed a model which is explained how
wear can accelerate corrosion and in this model he considered the effect of load and
hardness of the material. The problem with this model is that calculation of
repassivation charge was not related to the fundamental kinetics and film growth
(122). Two models have been proposed to investigate the repassivation of activated
surface in aqueous sliding wear conditions which are surface coverage model and film
growth model.
Mechanical models
Wear prediction
Predicting wear is one of the greatest challenges in the tribology. There have been
many attempts to predict wear in lubricated systems for different tribological
configurations. Evaluating wear in boundary lubrication has been extensively the
subject of many studies. There are almost 300 equations for wear/friction in the
literature which are for different conditions and material pairs but none of them can
fully predict the wear based on first principles including the whole physics of the
problem (126, 127). Some examples of these models are Suh delamination theory of
45
wear (128), Rabinowicz model for abrasive wear (129) and the Archard’s wear
equation (130, 131).
Wear occurs by different interfacial mechanisms and all these mechanisms can
contribute in changes in the topography. It has been widely reported that 3rd body
abrasive particles play an important role in the wear of the surfaces. The model
proposed by Archard (130) was investigated in a wide range of studies, different
contact configurations and also different scales. Archard’s model was initially
developed for sliding in dry conditions and no effect of lubricant or chemistry was
involved in the model. By the current understanding of the wear problem and the
development of advanced surface analytical techniques, it is clear that the chemical
and mechanical properties of the tribofilms play a very important role in the wear
behaviour of the tribosystems and should be considered when developing wear
models for lubricated contacts. There is therefore a need to see the chemical effects
incorporated into any new wear models growing forward.
Some researchers have suggested modifications to the Archard’s model. A
mathematical model developed by Sullivan (132) describes oxidational wear in
boundary lubrication contacts. The model is based on different parameters that
together can be assumed as Archard’s wear coefficient. Another attempt to investigate
the wear in micro contacts is made by Zhang et al (133). They used classical wear
models to calculate the probability of contact to be covered by physically and
chemically adsorbed layers. Flash temperatures, real area of contact and friction force
were also calculated by the model. The model suggests that higher lubricant/surface
reactivity or substrate hardness enhance the micro-contact behaviour therefore
affecting the wear of the system.
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In work by Andersson et al. (134), a mathematical and chemical model was developed
to capture the growth of the tribofilm at a local scale which changes the geometry of
contacting surfaces. Archard’s wear equation was then used to calculate wear at the
asperity scale. They predicted the growth of the tribofilm on the contacting asperities
for different surface roughnesses. The same coefficient of wear was considered for
tribofilm and substrate which was one of the drawbacks of the model. Another model
developed by Bosman et al. (135) proposes a numerical formulation for mild wear
prediction under boundary lubrication systems. They suggest that chemically-reacted
layers are the main mechanisms responsible for protecting boundary lubricating
systems and when these layers are worn off, the system will restore the balance and
the substrate will react with the oil to produce a tribofilm. The effect of tribofilm was
then considered in the model and the amount of substrate atoms in the depth of the
tribofilm was reported to be the reason for the wear of the system in the presence of
the tribofilm.
Recently, a wear model was proposed by Ghanbarzadeh et al. (107) which considers
the growth of ZDDP tribofilm on the contact asperities in boundary lubrication
systems. The model takes into account the effect of ZDDP tribofilm in changing
Archard’s wear coefficient. The analytical results were validated with experiments in
rolling-sliding conditions reported in another work (109). The model considers the
partial removal of the tribofilm and relates it to the wear of the substrate in the case
of ZDDP on steel surfaces. The tribochemistry model was an important part of the
whole semi-deterministic model because it defines the behaviour of tribofilm growth
on the contacting asperities.
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Archard wear equation
During the early stages (1950 to 1956) many researchers tried to study wear of
materials and developed simplified theories. Many experiments were done with
different materials to find the relation between wear and different parameters such as
load, hardness of material and sliding velocity. The deformation of the interacting
surface showed that real area of the contact which is responsible for wear is much
more less than the apparent area of the contacting surfaces. It was postulated that the
wear rate is related to the small region of the apparent area which is known as hot
spots (136). But the breakthrough came when Archard proposed his wear theory
whereby wear rate is independent of the apparent area of the contacting surface (130).
Although Holm (136) reached the same conclusion earlier but the incomplete
explanation of results by Holm is the main reason why Archard is mainly attributed
for this idea. Some work was done between 1953 and 1955 by Hughes and Krushchov
to investigate the effect of hardness of material on wear rate. They proposed that wear
rate is inversely proportional to hardness of material (19).
Archard wear equation is used to calculate wear volume on the macro scale (20). A
large numbers of experiment were done in 1956 by Archard to assess the effect of
load, hardness and sliding distance on wear rate and he tried to find an equation to
relate wear to these parameters. The experiments were done under dry sliding by using
two pin-and-ring machines (19). He calculated wear by measuring wear scar at low
wear rate and for high wear rate he used weighting method to measure wear. These
experiments were done by using different combination of materials in unlubricated
conditions. Loads between 50 g to 10 kg were applied in the tests. Based on these
experiments, he proposed that in all the experiments and different wear mechanisms,
wear is independent of the apparent area and it directly proportional to the applied
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load for most of the experiment and there was a small deviation in terms of load for
some experiments. He observed two forms of wear which are mild and severe wear in
the experiments due to the different loads (19). Equation 3-2 is the form of relation
that Archard developed.
ܸ = ܭ ܹ ܮ
ܪ 3-2
In this equation V is the wear volume, W is the normal load, L is the sliding distance,
H id the hardness of the material and K is the Archard wear coefficient.
Although extremely powerful yet the Archard equation has some limitations. The
most important one is that it has been developed for dry contact conditions. So much
work has been done to modify the Archard wear equation and adapt it to new
conditions. Archard assumed that wear is independent of apparent area which means
that he did not consider the effect of surface topography or surface roughness. There
effect of transient changes in surface roughness is missing as well (20).
Archard equation was derived from the experiments which were done under
unlubricated sliding contact and it cannot be used for the lubricated system. Archard
equation considers just single material properties which is hardness of the material
that it is not sufficient even for unlubricated sliding contacts and it can be seen from
some experimental work that sometimes wear does not relate linearly to load and
sliding distance (21, 22). These are the main gaps in the Archard equation which
attract researchers to develop Archard equation to adapt it to the new conditions. In
the following pages we will try to address some of the case studies that will address
the ways in which people have tried to modify the Archard wear equation.
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Modification of Archard wear equation to predict wear in mixed
lubricated contact
The Archard equation can just be used for dry sliding conditions. In a recent study
(39), a methodology has been proposed to adapt Archard equation to the mixed
lubricated contacts. Two major modifications were made: they proposed that by
considering fractional film defect to modify Archard wear coefficient and the load-
sharing concept to consider the lubricant (137), modified Archard equation can be
implemented for mix lubricated contacts (39).
Fractional film defect
In the lubricated system, oil molecules exist between the interacting surfaces can
reduce wear coefficient and wear rate compared with the unlubricated system. In this
model by considering fractional film coefficient Ψ and multiply it by dry wear 
coefficient ,modified Archard wear coefficient for mixed lubricated system can be
calculated (137). Fractional film defect defined as a probability in which an asperity
comes into contact with another asperity in the region which is not covered by
lubricant molecules (39). Thermal desorption theory is used to calculate Ψ. Equation
3-3 was suggested by Kingsbury and Rowe (138, 139). It indicates fractional film
defect.
Ψ = 1 − ݁൝ି ൥ ௔ೣ௨ೞ௧బ ௘ష ಶೌೃ೒೅ೞ൩ൡ 3-3
In the equation us is the sliding velocity, ax is the diameter of the area with an adsorbed
molecule, t0 is the fundamental time of vibration of the molecule in the adsorbed state,
Ea represents the heat of adsorption of the lubricant on the surface, Rg is the gas
constant and Ts symbolizes the absolute temperature of the surface. A thermal model
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developed by Akbarzadeh and Khonsari (140) is used to calculate the surface
temperature.
Fluid and asperities load sharing
In mixed lubrication contacts, it is believed that apart of load is carried by asperities
and a part of the load is carried by fluid. This load sharing concept was for the first
time introduced by Johnson and Greenwood (141) The load is carried by asperities is
considered to be mainly responsible for wear in mixed lubrication regime. They
proposed that the total load can be estimated by using equation 3-4:
ܹ = ܹ௙ + ܹ௔
3-4
Where the first one is the load carried by fluid and the second one is the load carried
by asperity. The total interface pressure is divided in to two parts, asperity pressure
and fluid pressure:
ܲ = ௔ܲ + ௙ܲ
3-5
Regarding the load sharing ratios (scaling factors) are presented in equations 3-6 and
3-7:
ߛଵ = ܹܹ௙ = ܲ௙ܲ 3-6
ߛଶ = ܹܹ௔ = ܲ௔ܲ 3-7
Equation 3-8 shows the relationship between scailing factors:1
ߛଵ
+ 1
ߛଶ
= 1 3-8
By subsituting load sharing and fractional film defect into Archard equation :
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ܸ = ܭ߰ ܹ௔ܵ
ܪ
= ቀܭ߰ߛଶ ቁܹ ܵ
ܪ
= ܭଵܹ ܵܪ 3-9
K1 can be considered as the wear coefficient for the mixed lubrication system. These
parameters ܭ, Ψ and ߛଶ have to be calculated in modified archard equation.
Determination of the K
ܭ can be calculated experimentally by conducting pin-on-disc experiments.
Furthermore, values forܭ in different contacting surfaces can be found in literature
(129). But in this study authors measured ܭ based on the fatigue theory of adhesive
wear by using a method that they developed previously (142). By using fatigue theory
ܭ can be calculated from equation 3-10:
ܭ = 1ܰ 3-10
N is the total number of cycle for the asperity to break which can be calculated from
the equation developed by authors. A thermodynamic framework model proposed by
Bhattacharya and Ellingwood (143) can be used to calculate the number of cycle
needed for the asperity to break and then from the equation 3-10 , wear coefficient
can be calculated mathematically. Equation 3-11 can give Di, the damage in the ith
cycle and once the damage per cycle reaches the critical value Dc after N cycle, this
shows the number of cycle required for the asperities to break.
ܦ௜= 1 − (1௜ି ଵ)ܨ௜ ݂݅ ௠ܵ ௔௫ > ௘ܵ 3-11
ܨ௜= ቈቀ1 + 1݉ቁିଵ∆ߝ଴௜ଵା ଵெ − Δߝ௣ଵ௜ଵெ Δ ଴߳௜+ ܥ௜቉
ቈቀͳ൅
1݉
ቁ
ିଵ
οߝ
௣௠ ௜
ଵା
ଵ
ெ െ ȟߝ
௣ଵ௜
ଵ
ெ ȟ ௣߳௠ ௜൅ ܥ௜቉
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And
ܥ௜= 3 ௙ܵͶܭ௠ − ∆ߝ଴௜ଵା
ଵ
ெ1 + 1ܯ + Δߝ௣ଵ௜
ଵ
ெ Δ ଴߳௜ ݋ݐℎ ݁ݎݓ ݅݁ݏ ݂݅ ܵ݉ ܽݔ < ௘ܵ
ܦ௜= ܦ௜ି ଵ
Calculating Ȣ2 
In this study, as mentioned before, the load sharing concept is considered to adapt
Archard equation to the mixed lubrication system (141).
Fluid part
Authors used Pan and Hamrock’s (144) central film thickness equation instead of
Dowson-Higginsons (1962) and Ertel-Grubin (1949) because it is more accurate and
it can be used for high load. They proposed modified equation 3-12 to calculate the
load carried by fluid part.
ℎത௖ = 2.922൬ݓഥ2൰ି଴.ଵ଺଺ቆഥܷ2ቇ଴.଺ଽଶ (2ܩ)଴.ସ଻ߛଵ଴.ଶଶଶ 3-12
Where hc is the central film thickness and the dimensionless parameters defined as:
ℎത௖ = ℎ௖ܴ ഥܹ = ܹ݈ܧᇱܴ ഥܷ = ߤ଴ݑ௥ܧᇱܴ ܩ = ߙܧᇱ 3-13
Where R is the effective radius curvature, l is the length of the contact, E is the
modulus of elasticity, µ0 is the lubricant viscosity ur is the entrainment speed and α 
is the pressure viscosity index.
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Asperity part
To calculate the load carried by the asperity, workers proposed the combination of the
smooth EHL and dry rough contact model to find the part of load carried by asperity
(39, 145-147).The equation 3-14 which has the load carried by asperity as an unknown
parameter (Ȣ2) is proposed to calculate Ȣ2.
1
ߛଶට1 + ൫1.1188 ത݊ି ଴Ǥଵହଷଵ̅ߚି଴Ǥଵଶ଴ଷߪത଴Ǥ଺ଷ଴ସ ഥܹି଴Ǥ଻ଵ଺ଵΩି଴Ǥଵସଶଷߛଶି଴Ǥଶଽହସ൯ଵǤଵଷଽ଺
ൌ ߦቆට
ߨ
ܹ
ቇቈ׎௞௘ሺʹ Ǥͻʹʹ ൬
ݓഥ2൰ି଴Ǥଵ଺଺ ഥܷ଴Ǥ଺ଽଶ( ʹܩ)଴Ǥସ଻൬ ߛଶ(ߛଶ − 1)൰଴Ǥଶଶଶ቉
3-14
By calculating Ȣ, Ψ and K and substituting these values into the Modified Archard 
equation, wear for the mixed lubricated contact can be calculated.
Both the above cases discussed have limitations, especially when discussing the
tribocorrosion systems. Baheshti and Khonsari (39) verified their model against
experimental results from Wu and Cheng (148). The experiments were done by Wu
and Cheng at the rolling speed and maximum contact pressure of 1.83 m/s and 2 GPa,
respectively and the slide to roll ratio was varied from pure rolling (SRR = 0.001) to
pure sliding (SRR = 2). But the model cannot predict wear at high slide to roll ratio
accurately because they assumed that the central film thickness is constant for the
entire area which is not the case in high slide to roll ratio systems. Furthermore, this
model cannot be used for tribocorrosion conditions due to the fact that it has been
developed for simple tribological systems with no humidity or corrosion.
Wu and Cheng (148) used small scale two disc machine to be able to get different
slide to roll ratio to verify their model. They used mineral oil with the viscosity of
37.5 cSt at 35 ̊ C. Their model shows a good agreement with the experimental data
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they obtained. They considered the effect of temperature as well. The main limitations
of this model were that it could not account for the effect of viscosity of the oil,
Humidity or moisture in the oil and corrosion apart from the fact that their
experimental set up was not much reliable.
Tribochemical wear model
The mode of wear in which chemical reactions due to rubbing (known as
tribochemical reactions) play an important role, is called tribochemical wear. In this
condition, the chemistry of lubricant additives and surfaces determine the severity of
the wear. In the recent years there have been attempts in incorporating such wear
mechanisms in prediction of tribosystem wear and friction.t the important components
of such models have been explained briefly in this section.
Contact mechanics
There have been many attempts at simulating the contact of rough surfaces in contact
mechanics (107, 149-156). The contact mechanics model developed by Tian and
Bhushan (157) which considers the complementary potential energy will be used in
this work. By applying the Boussinesq method and relating the contact pressures to
surface deformations, the problem would be to solve the contact mechanics only for
finding contact pressures at each node and then the related contact deformations can
be calculated. For this model, surfaces should be discretised into small nodes and it is
assumed that the nodes are small enough and the contact pressure is constant at each
node.
The problem is to minimize the complementary potential energy as follows:
ࢂ∗ = ૚
૛
∬࢖࢛ࢠതതതࢊ࢞ࢊ࢟− ∬࢖࢛ࢠ∗തതതࢊ࢞ࢊ࢟ 3-15
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Where ݌ is the contact pressure and ܸ∗, ݑ௭തതത and ݑ௭∗തതത are complementary potential
energy, surface deformation and prescribed displacement respectively.
The Boussinesq solution for relating contact pressure and surface deformation usually
considers only normal forces and the solution is:
࢛(࢞૚,࢞૛) = ૚࣊ࡱ∗ ඵ ࢖(࢙૚,࢙૛)ඥ(࢞૚ − ࢙૚)૛ + (࢞૛ − ࢙૛)૛ࢊ࢙૚ࢊ࢙૛ஶିஶ 3-16
In which ܧ∗ is the composite elastic modulus of two surfaces. The contact mechanics
model has been discussed in detail in the Ref (107, 156).
It is assumed that the material acts as a half space. It means that applying a load on
one node of the surface consequently deforms all other nodes on the surface based on
the Boussinesq approximation. This model encompasses several limitations. Firstly,
surfaces has linear elastic behaviour. Secondly, material faces pure plasticity while it
reaches the hardness threshold. Thirdly, the frictionless contact mechanics is used in
this model.
Tribofilm development
Friction is an irreversible process due to energy dissipation at interfaces which is a
non-equilibrium process and should be studied using non-equilibrium
thermodynamics (156, 158-160).
Many results show that not only the flash temperature but also the entropy changes at
interfaces are very important in tribochemical reactions. Hence the tribochemical
reaction and the tribochemical film growth models should consider entropy and the
factors affecting the entropy of the system. The concept of thermodynamics in the
tribosystems has been the subject of many recent studies. There are some attempts to
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model tribofilm growth based on temperature dependency of tribochemical reactions
(161) and also diffusion-reaction mechanisms (162). Attempts were made to relate
tribochemical reactions to non-equilibrium thermodynamics and changes in the
entropy of the system.
It has been reported that the mechanical stress can play a significant role in inducing
the tribochemical reactions. It is assumed that tribochemical reactions follow reaction
theory but these reactions are activated not only by temperature but also by
mechanical rubbing (163, 164). The current model is developed in a way that
considers flash temperature as a parameter responsible for the formation but more
importantly is the term ݔ௧௥௜௕௢ which is responsible for the mechanical activation of
chemical compounds. The discussion on the tribofilm kinetics model can be found in
(107, 156).
Ghanbarzadeh et al (107, 109) suggested that the tribofilm is being removed and
formed at the same time. The process of formation and removal of the tribofilm in
combination, will lead to growth of the film on the substrate. It was also reported by
Lin et al (94) that the tribofilm is formed and removed at the same time and the
balance between the rate of formation and removal explains the behaviour of the
system. Removal plays an important role in the behaviour of tribosystems and the
current model offers an insight into the removal processes and how these relate to
wear of the system. Assuming that tribofilm removal also follows an exponential
form, equation 3-17 is to
ࢎ = ࢎ࢓ ࢇ࢞൬૚− ࢋቀି ࢑૚ࢀࢎᇲ .࢚࢞࢘࢏࢈࢕.࢚ቁ൰− ࡯૜(૚− ࢋି࡯૝࢚) 3-17
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In which ܥଷand ܥସ are removal constants. These removal terms were calibrated with
experimental results (156, 165).
Wear modelling
The wear model proposed in (107, 156) is based on the conventional Archard wear
formulation; the local wear depth of each point of the surface is calculated using:
∆ࢎ(࢞,࢟) = ࡷ
ࡴ
.ࡼ(࢞,࢟). ∆࢚.࢜ 3-18
In which H, K, P and ݒare the material hardness, dimensionless Archard’s coefficient,
local contact pressure and sliding speed respectively, and οݐis the time step in which
contact occurs.
The wear coefficient is assumed to vary across the thickness of the tribofilm. It is
assumed that in the areas where a tribofilm is formed, the coefficient of wear is less
than in the areas where a tribofilm is not formed. The coefficient of wear is assumed
to change linearly with tribofilm height. Assuming that the coefficient of wear is at its
maximum for steel-steel contact and at its minimum when the tribofilm has its
maximum thickness, the equation for calculating coefficient of wear is as follows:
࡯࢕ࢃ ࢚࢘ = ࡯࢕ࢃ ࢙࢚ࢋࢋ࢒− (࡯࢕ࢃ ࢙࢚ࢋࢋ࢒− ࡯࢕ࢃ ࢓ ࢏࢔). ࢎࢎ࢓ ࢇ࢞ 3-19
ܥ݋ܹ ௧௥ is the coefficient of wear for tribofilm with thickness ℎ.
ܥ݋ܹ ௦௧௘௘௟, ܥ݋ܹ ௠ ௜௡ and ℎ௠ ௔௫ are coefficient of wear for steel and coefficient of wear
corresponding to maximum ZDDP tribofilm thickness and maximum film thickness
respectively (107, 156).
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The wear modelled in this work is considered to be mild wear, which is the case for
thick tribofilms. It was reported experimentally (62, 107, 108, 156, 166) that, even in
the areas where the tribofilm is fully formed, wear is occurring. It can be interpreted
as partial removal of the tribofilm and at the same time formation of the film to restore
the balance. Therefore formation and removal of the tribofilm will lead to wear of the
substrate (167) , however this wear is much less than the wear resulting from solid-
solid interactions. Studies show that the concentration of substrate atoms decreases
towards the top of the tribofilm produced by ZDDP (167, 168) on steel. If material
detaches from the tribofilm due to the contact, some amount of the substrate atoms
are removed from the surface.
This decrease in the atomic concentration of the substrate as the distance from the
substrate/tribofilm interface increases supports the fact that less wear of the substrate
occurs if a thicker tribofilm exists. This mechanism was reported by Bosman et al.
(167), who considered the volumetric percentage of Fe over the depth of the tribofilm
and assumed lower concentration in upper layers of the tribofilm. It can be seen in the
Ref (107) that the tribofilm can be removed as a result of the severe contact of the
asperities and in this case a limited number of the substrate atoms present in the
uppermost part of the tribofilm are detached from the surface.
At the same time, more substrate atoms diffuse into the tribofilm and move towards
the upper parts of the film to restore the chemical balance. This movement can be due
to different mechanisms as explained in the introduction section. Replenishment of
the tribofilm then might occur due to different surface phenomena including the
tribochemical reactions and mechanical mixing due to combined effects of material
removal and shear stress.
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Conclusion
This chapter discusses the state-of-the-art of the effect of water, tribochemistry and
tribocorrosion on the tribological behaviour of sliding and rolling contacts and an
overview of the state-of-the art of different aspects concerning ZDDP reaction layer
formed on the surface.
The presence of water in the lubricated tribosystems particularly in bearing
applications can cause corrosion, hydrogen embrittlement, oil oxidation and shorter
fatigue life. Nevertheless, there is a discrepancy in the published data regarding the
effect of water on friction, wear, viscosity of the lubricant and the decomposition of
ZDDP additive to form a protective tribofilm.
Even though the effect of water seems to be system dependent, the different ways of
reporting experimental data have an adverse contribution. It was found that the effect
of water seems to be strongly dependent on the exact amount of water in oil rather
than the relative humidity value. This suggests that it is not sufficient to report only
the relative humidity condition but the exact amount of water in oil is required as well.
Hence, it can be concluded that a detailed systematic study is needed to reveal such
discrepancies in the published data.
On the basis of all above discussion regarding different models, we can conclude some
important ideas and clarify the direction of our project:
1. The electrochemical methods and techniques for the tribocorrosion
phenomenon yet are all based on aqueous environment and no lubricant. This
is mainly because there has been no model yet that is capable of handling the
tribocorrosion systems especially when water is present in oil.
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2. The aim is to develop a model and to observe the effect of water and humidity
on tribochemistry wear. Our approach will be to perform a series of
experiments that would give the general behaviour of the tribofilm growth and
its effect on wear performance. This will lead towards a semi-deterministic
model using two different approaches.
3. Once this semi-deterministic model is achieved, this equation will be used
along with the enormous amount of experimental data to tune the Archard
wear coefficient to account for the effect of water. This will give the modified
Archard’s wear equation for the tribological systems.
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Experimental Procedures
Introduction
The experimental work in this project is divided into for parts, i.e. effect of water
experiments, effect of humidity tests, experiments to validate the semi-deterministic
model developed discussed in modelling part and durability of the tribofilm
experiments. For sliding-rolling condition, Mini Traction Machine (MTM) will be
used to investigate the effect of different parameters, e.g. temperature, humidity,
lubricant and on wear, tribofilm characteristics and durability of the tribofilm. A
humidity chamber was designed for MTM SLIM for the first time in this work to
control the humidity during the experiments.
This chapter discusses the materials and methods that will be used in this study. The
chapter consists of nine sections. Section 4.1 gives a general overview of the chapter.
Section 4.2 discusses the characterization of bulk oil. In this section, water
concentration will be discussed. The third section discusses the test rig was used for
this study. Section 4.4 discusses the water effect experimental procedure. Section 4.5
discusses the humidity experimental procedure. The fifth section focuses on the test
conditions and material properties of the experiments applied for the validation of the
model (Section 4.6). Section 4.7 presented the experimental procedure and
methodology for the investigation of durability of the tribofilm. The seventh section
presents chemical and surface analysis techniques to discern the composition of
tribofilm. Section eight, the wear measurement methodology and sample preparation
discussed. The last section provides a summary of the chapter.
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Bulk oil characterization
Water concentration measurements
Coulometric Karl Fischer Titration was used to measure water concentration before
and after each test, which has an accuracy of ± 0.01. It is worth mentioning that this
method can be used to measure water concentration in the oil but it cannot determine
whether the water is free or dissolved.
Test rig
A Mini Traction Machine (MTM, PCS Instruments UK) (See Figure 4-1) is used to
assess the effect of water on wear under rolling and sliding conditions. One of the key
points in using MTM is that slide-to-roll ratio (SRR) can be changed in the
experiments and it is possible to run the experiment in the wide range of slide to roll
ratio (0< SRR < 5) (169). SRR is defined as the following:
ܴܵ ܴ = ஺ܷ − ܷ஻( ஺ܷ + ܷ஻2 ) 4-1
In which ஺ܷ and ܷ஻ are the speed of surfaces A and B respectively. The SRR is the
ratio of the sliding and the entrainment speeds.
In the standard configuration the test specimens are a 19.05 mm (3/4 inch) steel ball
and a 46 mm diameter steel disc. The ball is loaded against the face of the disc and
the ball and disc are driven independently to create a mixed rolling and sliding contact.
The frictional force between the ball and disc is monitored by a force transducer. The
applied load and the lubricant temperature are monitored by sensors.
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Figure 4-1 Mini Traction Machine (MTM)
Spacer Layer Interferometry Method (SLIM)
Spacer Layer Interferometry Method (SLIM) was used to measure tribofilm thickness
in-situ (170). The glass disc is coated with a thin layer of silicon oxide which has a
semi-reflective layer of chromium on top. The contact of the ball with the glass is
shined by white light through the microscope and the coated glass. Part of the light is
returned back from the semi-reflective chromium layer on top of the coated glass and
other part goes through the silicon oxide layer and tribofilm formed on the surface
and is reflected back from the steel ball. These light paths are captured by RGB colour
camera and it can be analysed by the software to evaluate the tribofilm thickness
during the experiments. This method is capable of measuring the film thickness of
any reaction layer as they are being formed on the surface (See Figure 4-2).
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Figure 4-2 MTM and the Spacer Layer Interferometry configuration
Effect of water experiments
Materials and test conditions
In this study the balls and disc used were both of AISI 52100 steel with hardness of 6
GPa. New balls and discs were used for each experiment. They were cleaned up before
each test by immersing in isopropanol and petroleum ether in an ultrasonic bath for
20 minutes. All the experiments were conducted at an applied load of 60 N. According
to the diameter of the ball which is 19 mm, the maximum Hertzian contact pressure
of 1.2 GPa was calculated. The material properties are shown in the Table 4-1.
Experiments were carefully designed to study wear in boundary-lubricated contacts
at different temperatures, water concentration. A small entrainment speed was chosen
for this purpose .The working conditions and the corresponding λ ratios are reported 
in Table 4-2. Water and oil were mixed at four different levels of water concentration
in the ultrasonic bath for 5 minutes.
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Table 4-1 Material properties
Material properties Value
Hardness (Ball/Disc) (GPa) 6
Elastic modulus (Ball/Disc) (GPa) 210
Ball surface roughness (Ra) 20 nm
Disc surface roughness (Ra) 130 nm
Table 4-2 Experimental working conditions
Parameters Value
Maximum contact pressure (GPa) 1.2
Temperature (oC) 80,100
Water contents (wt%) 0%, 0.5%, 1.5%, 3%
Entrainment speed (࢓
࢙
) 0.1
SRR 5%
Test duration (min) 120
λ ratio 0.04
Oil used PAO+ZDDP
Dimensions (mm) Ball = 19.05
Disc = 46
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Tested lubricants
In this study, PAO+ZDDP and PAO+ ZDDP+water were used. Water and oil were
mixed in ultrasonic bath for 5 minutes to have four different concentrations of water
as mentioned in Table 4-3. PAO+ZDDP+water shows an emulsion state (free water)
at room temperature but at 80oC and 100oC the water seems to be dissolved. It is in
agreement with this concept that higher temperature leads to the higher saturation
point and likewise, there is no free water after each tribological test.
Table 4-3 Lubricants
Details Designation
PAO+ZDDP(0.08 mass%
phosphorus)
PAO+ZDDP
PAO+ZDDP (0.08 mass%
phosphorus) + (0.5 mass %) Distilled
water
PAO+ZDDP+water (0.5)
PAO+ZDDP (0.08 mass%
phosphorus) + (1.5 mass %) Distilled
water
PAO+ZDDP+water (1.5)
PAO+ZDDP (0.08 mass%
phosphorus) + (3 mass %) Distilled
water
PAO+ZDDP+water (3)
Experimental approach
The experimental part of this study can be split into two. All tribological experiments
were carried out by MTM to simulate rolling/sliding conditions in boundary
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lubrication with four different water concentration values. The tribofilm thickness was
measured using Spacer Layer Interferometry to evaluate the tribofilm formation in-
situ. Finally the tribofilm was removed from the samples and wear was measured
using White Light Interferometry. The sub-sets of tribological experiments are:
I. Experiments at 80oC for different levels of water concentration to investigate
the effect of water on tribofilm formation and removal and tribological
performance
II. Experiments at 100oC for different water concentration values to study the
effect of water on tribological performance and tribofilm formation and
removal
Effect of humidity experiments
Humidity control system
To evaluate the effect of different levels of relative humidity on tribological
performance and tribofilm characteristics, a humidity control system was designed
and integrated to the MTM SLIM for the first time in this study. This system is capable
of producing continuous steady humidity to expose the lubricant in the tribological
experiment to a humid environment. To simulate rolling/sliding conditions and
monitor tribofilm evolution during the test under controlled humid environment, the
humidity system is mounted on an MTM/SLIM configuration. The humidifier is
connected to the PC by a controller system and relative humidity is monitored by
LUBCHECK program at a time interval of one second. The humidity could be varied
between 0%-100% (±1%). The humidity control system consists of different parts
described as followings (Figure 4-3 and Figure 4-4):
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1) Heater: to heat up the water up to the desired temperature. The advantage of
using heated water to produce humid air is to avoid the presence of water
droplets in the humid air
2) Insulation part: to isolate the chamber from the environment to keep the
temperature and humidity constant during the experiment
3) Humidity sensor : to control and monitor humidity during the test
4) Thermocouple : to control the temperature of the water during the experiment
5) Dry air and wet air valves: to apply the desired level of humidity in the range
of 0% (dry air) to 100%
6) Bubbler : to produce bubble in the water which facilitates generating the
humid air
The humid air is transferred from the chamber to the MTM oil bath using a heated
tube. The tube is heated to the same temperature as the oil bath and the chamber to
avoid any condensation of the water in the system.
Calibration
To calibrate the humidity control system, a calibration kit was used. The humidity
calibration kit provides an accurate method to calibrate the humidity sensor by using
two different salt solutions. It includes lithium chloride (LiCl) to produce 11.3 %
relative humidity at 25oC and sodium chloride (NaCl) to produce 75.3 % relative
humidity at 25oC. The kit has two bottles which are sodium chloride and lithium
chloride and two fitting caps. Distilled water was used to prepare the salt solutions.
Then, humidity sensor must be placed into the bottle close to the solution. The sensor
should be isolated from the environment to measure the relative humidity of the sault
accurately. In addition, the sensor should be left about half an hour to be stabilized
above the solution then the humidity value can be read afterwards.
69
Figure 4-3 Humidity control system (a) and (b) humidity chamber c) MTM
SLIM integrated to the humidity control system
(a) (b)
(c)
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Figure 4-4 Schematic representative of humidity control system
Materials and test conditions
In this study the balls and discs used were both of AISI 52100 steel with hardness of
6 GPa. A new ball and disc were used for each experiment. They were cleaned up
before each test by immersing in Isopropanol and petroleum ether in ultrasonic bath
for 20 minutes. All the experiments were conducted at applied load of 60 N.
According to the diameter of the ball which is 19 mm, the maximum Hertzian contact
pressure of 1.2 GPa was calculated. The materials used in the experiments are shown
in the Table 4-1. Experiments were carefully designed to study wear in boundary
lubricated contacts at different temperatures, different levels of relative humidity and
a small entrainment speed was chosen for this purpose. The working conditions and
the corresponding λ ratios are reported in Table 4-4. PAO+ZDDP was used to carry 
out the experiments (See Table 4-5).
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Table 4-4 Experimental working conditions
Parameters Value
Maximum contact pressure (GPa) 1.2
Temperature (oC) 80, 98
Relative humidity (%) 0, 20, 30, 40, 50, 60, 70, 80, 95
Entrainment speed (࢓
࢙
) 0.1
SRR 5%
Test duration (min) 120
λ ratio 0.04
Oil used PAO+ZDDP
Dimensions (mm) Ball = 19.05 / Disc = 46
Table 4-5 Lubricant properties
Details Designation
PAO+ZDDP(0.08 mass% phosphorus) PAO+ZDDP
Experimental approach
All the tribological tests were conducted by MTM SLIM integrated to the humidity
control system to simulate rolling-sliding conditions in boundary lubricated system.
One of the key aspects in this study is the use of continues steady humidity control
system which provides lubricant exposed to the humid environment. In this system,
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water can be absorbed from the air by lubricant during the experiments. The humidity
level was monitored to be constant during the experiment. Each test was carried out
two times to check the reproducibility of the results and the range of data are plotted
in the graphs.
The reaction layer thickness was measured by Spacer Layer Interferometry Method
to evaluate tribofilm thickness in-situ at different levels of humidity.
I. Experiments at 80 ̊C for different levels of humidity to investigate the effect 
of humidity on tribofilm characteristics and tribological performance
II. Experiments at 98 ̊C for different levels of humidity to study the effect of 
humidity on tribological performance and tribofilm characteristics
Validation of the model experiments
Materials and test conditions
The material used in this work was AISI 52100 steel for both ball and disc with a
hardness of 6 GPa. The balls and discs are carefully cleaned by immersing in
Isopropanol and petroleum ether before starting the experiments. All the experiments
were conducted at an applied load of 60 N which corresponds to the maximum
Hertzian pressure of 1.15 GPa. The materials used in the experiments are shown in
Table 4-6.
Experiments were carefully designed to study wear in boundary lubricated contact at
different ZDDP concentrations and temperatures, and a small entrainment speed was
chosen for this purpose. This experimental matrix is chosen to produce several
different growth behaviours of ZDDP tribofilm on steel surfaces and at the same time
to be able to measure wear at different times corresponding to those growth
behaviours. The lubricating oil is selected to be Poly-α-Olefin (PAO) with 0.5% and 
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1% wt ZDDP as antiwear additive. The working conditions and the corresponding λ 
ratios are reported in Table 4-7.
Table 4-6 Material properties
Material properties Value
Hardness (GPa) 6
Elastic modulus (GPa) 210
Ball surface roughness (nm) 20
Disc surface roughness (nm) 130
Table 4-7 Working parameters
Parameters Value
Maximum contact pressures (GPa) 1.15
Temperature (oC) 60,80,100
Entrainment speed(࢓
࢙
) 0.1
SRR 5%
Test durations (min) 30, 45, 120
λ ratios  Around 0.04 
Oil used PAO+0.5% wt ZDDP
PAO+1% wt ZDDP
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Durability of the tribofilm
Materials and test conditions
In this study balls and discs were both made from AISI 52100 steel with hardness of
6 GPa. New balls and discs were used for each experiment. They were cleaned before
each test by immersing in isopropanol and petroleum ether in an ultrasonic bath for
20 minutes. The materials used in the experiments are shown in Table 4-8.
Experiments were carefully designed to investigate the effect of different parameters
such as temperature, load, stopping time and running in on the tribofilm
formation/removal and wear performance of the system. Small entrainment speed was
chosen for this purpose to remain in the boundary lubrication regime. The working
conditions and the corresponding λ ratios are reported in Table 4-9. The methodology 
used to study the formation and removal behaviour of the tribofilm by using MTM
SLIM is reported in detail in the experimental approach.
Table 4-8 Material properties
Material properties Value
Hardness (GPa) 6
Elastic modulus (GPa) 210
Ball surface roughness (nm) 20
Disc surface roughness (nm) 10
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Table 4-9 Experimental working conditions
Tested lubricants
In this study, Poly-α-olephin (PAO) +ZDDP and PAO were used to investigate the 
durability of the tribofilm. The lubricant properties are listed in Table 4-10.
Table 4-10 Lubricant properties
Designation Details
PAO+ZDDP(0.08 mass% phosphorus) PAO+ZDDP
PAO+ZDDP (0.08 mass% phosphorus) + (3
mass %) Distilled water
PAO+ZDDP+water
Base oil PAO
Parameters Value
Load (N) 30, 40, 60, 75
Temperature oC 80, 100, 120, 140
Entrainment speed (࢓
࢙
) 0.1
SRR 5%
Test durations (min) 120
λ ratios 0.03-0.06 
Oil used PAO+ZDDP
Ball diameter (mm)
Disc track diameter (mm)
19.05
32
76
Methodology
It has been hypothesized that the balance between formation and durability of the
tribofilm significantly affects the wear performance of the tribological system (94,
107, 109). To investigate this, a set of experiments was designed to study the
durability of the tribofilm. Tribofilm durability is assessed by measuring its thickness
and how this changes once rubbed in base oil.
Experiments are designed in order that the rate of tribofilm formation is significantly
lower than the loss of tribofilm thickness. For this purpose, experiments were carried
out for two hours in total; the first 25 minutes run with PAO+ZDDP (oil A) to form
the tribofilm and the rest of the test run by base oil (oil B). The test was suspended
after different times of starting the oil and different removal behaviour was observed.
In addition, a set of tests was conducted to assess the durability of the film formed
after 3 hours of rubbing. The oil was replaced after 3 hours and the results were
compared with the test when the oil was replaced at 25 minutes.
The experimental part of this study contains different steps. Tribological experiments
were carried out by MTM in rolling/sliding conditions in boundary lubrication. Spacer
Layer Interferometry was used to monitor tribofilm thickness during the experiments
in-situ. The disc was then analysed using XPS to assess the chemical characteristics
of the tribofilm. This experimental sequence leads to growth of the tribofilm and
correlating its chemical and durability characteristics. This experimental approach is
demonstrated schematically in Figure 4-5.
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Figure 4-5 Schematic of the experimental approach for replacing oil and
surface analysis.
The first set of experiments was to study the tribofilm evolution and was conducted
in three sub-steps as following:
I. Early-stage tribofilm durability
II. Late-stage tribofilm durability
III. Multiple oil replacement durability test
The second part of the experiments also includes the following sub-steps:
III. Study the effect of temperature on the durability of the tribofilm by applying
different temperatures after suspending the test (ie. When the tribofilm is
formed)
IV. Different loads were applied after suspending the test to see the effect of load
on the durability of the tribofilm.
V. Effect of water on durability of the tribofilm
VI. Investigating the relationship between tribofilm formation/durability and wear
performance of the tribological system for part I and III
The working parameters for the second part of the experiments are summarized in
Table 4-11.
Oil A Oil B
Oil replaced
Time (min)
XPS analysis
25 min
Point A Point B Point CPoint O
120 min
XPS analysis
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Table 4-11 Working parameters of the experimental procedure
Tests Points ࡻ ሱ⎯⎯⎯⎯⎯ሮ ࡭ ࡮ ሱ⎯⎯⎯⎯⎯ሮ ࡯
Ι Temperature
(oC)
Load (N)
Oil
Water
concentration
80 80
60 60
Oil A
(PAO+ZDDP)
Oil B (PAO)
0%, 3% 0%, 3%
ΙΙ Temperature
(oC)
Load (N)
Oil
Water
concentration
100 100
60 60
Oil A
(PAO+ZDDP)
Oil B (PAO)
0%, 3% 0%, 3%
ΙΙΙ Temperature
(oC)
Load (N)
Oil
100 80, 100, 120,
140
60 60
Oil A
(PAO+ZDDP)
Oil B (PAO)
ΙV Temperature 
(oC)
Load (N)
Oil
100 100
60 30, 40, 60, 75
Oil A
(PAO+ZDDP)
Oil B (PAO)
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Cleaning procedure
Cleaning after suspending the test
Cleaning the oil bath and MTM accessories used for the test is important to study the
durability of the tribofilm accurately. The cleaning process was carried out in three
different steps. First of all, MTM accessories were immersed in the ultrasonic bath for
30 minutes including 15 minutes in isopropanol and 15 minutes in petroleum-ether.
Secondly, the disc was immersed in isopropanol in the ultrasonic bath to remove the
attached ZDDP remaining additive from the discs. Thirdly, to avoid altering the
tribofilm formed on the balls, they were cleaned by a tissue stained by isopropanol to
remove the remaining ZDDP on the ball. To make sure that any tribofilm on the ball
was not removed during the cleaning process by isopropanol, two images were taken
by SLIM , one before suspending the test and one exactly before starting the rubbing
again and the images are shown in Figure 4-6 as an example. Comparison between
these two images shows that the thickness of the tribofilm before and after cleaning
the ball is almost the same and the only thing which was removed from the ball is the
excess unreacted oil (as shown in Figure 4-6). The difference in the images is the spots
of oil remaining on the ball at the time of imaging.
Figure 4-6 SLIM images taken (a) before suspending the test (b) immediately
after suspending the test and before starting the rubbing
a b
Remaining oil
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Chemical and surface analysis techniques
X-ray Photoelectron Spectroscopy (XPS)
The chemistry of the tribofilm generated by ZDDP containing-oil at different levels
of applied relative humidity was evaluated by using X-ray Photoelectron
Spectroscopy (XPS) in this work. Analyses have been conducted at the end of each
tribological test for different levels of relative humidity at two different temperatures
of 80oC and 98oC (60). The samples were cleaned by Isopropanol and put into the
ultrasonic bath for 5 minutes after the test and before the XPS analysis. PHI (Model
5000) Versa Probe spectrometer (ULVAC-PHI, Chanhassen, MN, USA). A
monochromatic Al K_ exciting line (23.7 W, 1486.6 eV) with a beam diameter of 100
µm was used to acquire the different spectra. The source analyser angle was fixed at
45o and the signals were collected in fixed analyser transmission (FAT) mode. The
surface analysis of every sample started with a survey scan, which was conducted
using a pass energy of 187.85 eV and an energy step size of 0.5 eV. This was followed
with a high resolution scan of six regions of interest, i.e. C1s, O1s, Fe2p, P2p, Zn2p
and S2p, using a pass energy of 46.95 eV and energy step size of 0.05 eV. CasaXPS
software (v2.3.17) was used to analyse the different acquired spectra. Due to the spin-
orbit splitting of the signals of Fe2p, P2p, S2p and Zn2p, which splits the total signal
into a doublet of 2p3/2 and 2p1/2, only the prominent signal of 2p3/2 was reported in this
study. Generally, the analysis comprised two main steps. Firstly, a standard Shirley
line type was used as a baseline to subtract the background signal. Secondly, a
Gaussian/Lorentzian product formula line shape was used for the different peaks fitted
to the different signals in order to recognise the different components contributing to
the total signal. The C1s signal was used to calibrate the other signals to compensate
for any charging during acquisition. This was performed by shifting the measured
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binding energy of the aliphatic component (C–C, C–H) to its expected position at
285.0 eV and thus shifting the other signals by the same value (95).
Wear measurements
The samples were analysed after each experiments and wear measurements were
carried out by an interferometer. Samples are taken out of the experimental set up
after the complete tribo-tests. The tribofilm formed on the surfaces are carefully
cleaned by using EDT. A White Light Interferometry (NPFLEX from Bruker) was
used to measure wear on the balls and analyse the profile of the wear track. The
equipment is capable of moving in 3-dimentions to be able to produce the image of
the scanned surface. White light interferometry is a non-contact optical method to
measure height, volume loss and roughness and other surface parameter. The ‘Vision
64’ software was used to analyse and interpret the data produced by NPFLEX. 2D and
3D images were taken from the wear track and the average wear depth of different
areas inside the wear track is calculated. The experiments were repeated 2 times for
each working condition and wear was measured in all cases. The wear reported results
include the error bars and the variation of the experimental results from the mean
value. It should be also noted that the wear depth was measured for 6 different points
inside the wear track for each experiment and the average value was reported for the
analysis.
Sample preparation
Sample preparation plays a significant role in the experiments. EDTA is used to
remove tribofilm from the surface. Figure 4-7 shows surface before and after using
EDTA to remove tribofilm (169). Figure 4-8 indicates wear profile among the wear
scar before and after using EDTA. It is observed that tribofilm can be interpreted as a
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wear and needs to be removed by EDTA from the surface before the wear
measurements to be able to accurately measure wear of the system.
It can be clearly seen that EDTA can completely remove tribofilm from the surface
and samples would be ready for the wear measurement (see Figure 4-7). EDTA (0.05
M in distilled water) was prepared and it was placed on part of wear scar for 2 minutes
and then it is removed by tissue. The process must be repeated 2 times to make sure
that tribofilm is completely removed.
Figure 4-7 Shows tribofilm removal from the surface using EDTA(169)
Figure 4-8 Shows wear profile across the wear scar before and after EDTA(2)
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Summary
In this chapter, all the details about the methodology and the materials which are used
in studying the effect of humidity, temperature, slide to roll ratio and lubricants on
wear performance and tribofilm characteristic under rolling-sliding conditions are
introduced.
In the next chapter, the results will be presented and discussed and key findings will
be disseminated.
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Water Effect on Tribochemistry and Mechanical
Wear
Introduction
Water in lubricants has been known to be a contaminant for many systems (3, 51,
171). It is shown to affect the wear performance, especially in bearing systems, in
different ways (4-10). The presence of water in lubricated tribosystems, particularly
in bearing applications, can cause corrosion and hydrogen embrittlement, which can
increase wear and friction (8). In addition, even small amounts of water in parts per
million (ppm) may accelerate the oxidation of oil (60). To investigate the effect of
water contamination on the performance of lubricated systems, it is essential to know
the form that water exists in the oil (172). Water can be present in oil in two different
forms which are dissolved water and free water (42). Dissolved water occurs when
the amount of water in oil is less than the saturation point (171). Free water occurs
when the amount of water in oil exceeds the saturation level. In this case, droplets of
water will be formed in oil resulting in emulsion formation (60).
The effect of water and its tribochemistry on the tribocorrosive wear of boundary
lubricated systems with ZDDP-containing oil at different temperatures has been
studied experimentally in this work. The experimental part of this study can be split
into two. All tribological experiments were carried out by MTM to simulate
rolling/sliding conditions in boundary lubrication with four different water
concentration values. The tribofilm thickness was measured using Spacer Layer
Interferometry to evaluate the tribofilm formation in-situ. Finally the tribofilm was
removed from the samples and wear was measured using White Light Interferometry.
The sub-sets of tribological experiments are:
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I. Experiments at 80oC for different levels of water concentration (ambient
humidity) to investigate the effect of water on tribofilm formation and removal
and tribological performance
II. Experiments at 100oC for different water concentration (ambient humidity)
values to study the effect of water on tribological performance and tribofilm
formation and removal
The effect of water on wear
The effect of water on wear performance is shown in Figure 5-1. According to the
results, it can be seen that higher water concentration leads to higher wear. These
results are in agreement with the works published by Lancaster (53) and Cen (60).
They proposed that water plays more significant role in increasing wear compared to
the effect on friction. The comparison between two temperatures suggests that the
lower temperature results in higher wear. It can be attributed to the lower water
content at higher temperature due to the evaporation of water. There is also less wear
observed for 100oC compared to 80oC at zero percent water content. This can be
related to the thicker tribofilm formed at higher temperatures. The results are in
qualitative agreements with the recent studies (109, 173). It is interesting to see that
water concentration in oil for the case of 100oC is less than 80oC. It should be noted
that the effect of temperature in changing the viscosity of the oil and therefore
changing the severity of the contact is negligible in this case as the lambda ratio for
both temperatures was calculated to be around 0.04. The water concentrations have
been measured by Karl Fischer Titration Method before and after each experiment
and the results are reported in Table 5-1.
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Figure 5-1 Effect of water on average wear depth at two different
temperatures of 80oC and 100oC
Effect of water on tribofilm growth and wear
The slower and less extensive tribofilm growth was observed for higher water
concentration (Figure 5-2 and Figure 5-3) and this effect is more significant at lower
temperature. The tribofilm growth in the running-in period is very different than the
time water is present. It can affect the wear process due to the fact that the running-in
period plays a significant role in the wear of the system. The results show that
increasing the water concentration accelerates wear and it can be related to the effect
of water on tribofilm growth at the beginning of the experiment. Steady state tribofilm
thickness is also affected by water concentration in the oil; the more water
concentration the less the tribofilm thickness. The results are in line with the previous
research by Nedelcu et al. (174) and Cen et al. (60). It can be linked to the formation
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of shorter chain polyphosphates due to the depolymerisation of the longer chain
polyphosphates by water molecules (60).
Table 5-1 Water concentration measurements before and after tribological test
Lubricants Water content before
test (ppm)
Water content after 2hr
test (ppm)
80oC 100oC
PAO+ZDDP 71 11 6
PAO+ZDDP+water
(0.5 wt)
4736 62 11
PAO+ZDDP+water
(1.5 wt)
16540 121 37
PAO+ZDDP+water (3
wt)
38920 274 42
The same pattern was observed at 80 ̊C and 100 ̊C in terms of tribofilm growth rate 
(Figure 5-2 and Figure 5-3). The only difference is that the effect of water on tribofilm
growth is clearly distinguishable at lower temperature indicating that the effect of
water on the growth of the tribofilm in the running-in period at 80 ̊C is more 
significant compared to 100̊ C.  The steady state tribofilm thickness follows the same 
pattern for both temperatures; lower tribofilm thickness is observed for higher water
concentration (Figure 5-4). It is also reported in Figure 5-4 that higher temperature
leads to the higher tribofilm thickness and it is in line with the results Fujita et al.
(104) published previously regarding ZDDP antiwear formation and removal. They
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proposed that both the tribofilm growth and steady state tribofilm thickness increase
with temperature. For comparison purposes, the steady-state tribofilm thickness is
plotted against the measured wear depth for both temperatures in Figure 5-5.
It can be seen while the steady-state tribofilm thickness is higher, less wear occurs.
However, tribofilm thickness in steady-state does not give a full picture of the wear
behaviour in boundary lubricated systems. There are more physical, chemical and
mechanical parameters responsible for the wear. In fact, the whole growth behaviour
of the tribofilm on the surfaces is important for capturing the wear behaviour. It is
important how the tribofilm was formed during the running-in process.
Table 5-2 Summary of the effect of mixed-water in oil and temperature on
tribological performance
Changes with the increase of mixed-
water in oil and temperature using
PAO+ZDDP in rolling/sliding
conditions
Mixed-water in
oil
Temperature
Tribofilm
information on ball
wear scar
Final tribofilm
thickness
decrease increase
Growth rate decrease increase
Wear increase decrease
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Figure 5-2 Tribofilm thickness measurement results for 80oC at
different water concentrations
Figure 5-3 Tribofilm thickness measurement results for 100oC at
different water concentrations
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Figure 5-4 Final tribofilm thickness results for different water
concentrations
Figure 5-5 Final tribofilm thickness results vs measured wear depth
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Figure 5-6 Comparison between average wear depth and tribofilm
thickness at different water concentrations at 100oC
Figure 5-7 Comparison between average wear depth and tribofilm
thickness at different water concentration at 80oC
0.0 0.5 1.0 1.5 2.0 2.5 3.0
80
85
90
95
100
105
110
115
Water Contents (ppm)
Tr
ib
of
ilm
Th
ic
kn
es
s(
nm
)
A
ve
ra
ge
W
ea
rD
ep
th
(n
m
)
Average Wear Depth at 100oC
Tribofilm Thickness at 100oC
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
0.0 0.5 1.0 1.5 2.0 2.5 3.0
95
100
105
110
115
120
125
130
Water contents (Wt%)
A
ve
ra
ge
W
ea
rD
ep
th
(n
m
)
Average Wear Depth at 80 C
Tribofilm Thickness at 80 C
110
115
120
125
130
135
140
145
150
155
160
165
170
Tr
ib
of
ilm
Th
ic
kn
es
s(
nm
)
92
A detailed discussion on this can be found in Ref (109). Comparisons made between
the effect of water on steady state tribofilm thickness and the average wear depth for
80oC and 100oC are plotted in Figure 5-6 and Figure 5-7 for 100oC and 80oC
respectively. The trends indicate that increasing the water content in the oil affects
wear by decreasing the steady state tribofilm thickness.
Summary of the effect of water
Section 5.2 and Section 5.3 have studied the effect of water on wear behaviour of
boundary lubricated tribosystem in a rolling-sliding contact. The main results are
summarized in this section.
1. Water influences the growth behaviour of the tribofilm on the surfaces and
more water in the oil results in lower rate of the growth on contacting surfaces
2. Water in oil can delay the growth of the tribofilm in the running-in period and
it can significantly affect wear performance in boundary lubricated system.
This effect is more significant for the tests at 80oC in comparison with tests at
100oC due to more water in the oil
3. Higher water concentration leads to a reduction in growth rate of the tribofilm
which in nature results in an increase in the wear of the system. This reduction
in growth rate might be because of the difficulty that ZDDP molecules have
in reacting with the substrate in the presence of the water. (See Figure 5-5)
4. It was shown that tribofilm thickness in steady-state condition is not a good
representative of the wear behaviour of the system. However other important
physical, chemical and mechanical parameters are involved. The whole
growth behaviour of the tribofilm is important to characterize wear. This
means that running-in period is also important in determining the wear of
boundary lubricated systems.
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Humidity Effect on Tribochemistry and
Mechanical Wear
Introduction
Wear performance of any tribological system can be influenced in a complex way by
water contamination. Water can be the cause of steel corrosion which, in turn, can
accelerate wear. It can decompose the additives in the oil and create a more corrosive
environment which leads to the higher wear in the system. The aim of this chapter is
to investigate the effect of relative humidity on tribological performance and tribofilm
characteristics in boundary lubricated system in rolling-sliding conditions. A key
novelty of this study is that the effect of relative humidity and the tribochemical
changes on the tribological performance and tribofilm characteristics of boundary
lubricated systems by means of designing a humidity control system integrated to the
Mini Traction Machine (MTM) and Spacer Layer Interferometry Method (SLIM) for
the first time. The system is capable of simulating rolling-sliding conditions
continuously where lubricant can be contaminated with water.
The reaction layer thickness was measured by Spacer Layer Interferometry Method
to evaluate tribofilm thickness in-situ at different levels of humidity.
I. Experiments at 80 C̊ for different levels of humidity to investigate the effect
of humidity on tribofilm characteristics and tribological performance
II. Experiments at 98 C̊ for different levels of humidity to study the effect of
humidity on tribological performance and tribofilm characteristics
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Humidity effect on oil
In Figure 6-1 the water content at two temperatures of 80oC and 98oC for different
levels of relative humidity are shown. It should be noted that before starting each
experiment, oil was exposed to the relative humidity for 30 minutes to be saturated
and all experiments were conducted at steady state relative humidity. Figure 6-1
shows that there is no significant changes in water concentration while the humidity
level is adjusted between 20% RH and 50% RH. Water concentration dramatically
increases at higher values of humidity. It can be clearly seen that the level of water
adsorption due to the relative humidity reaches a maximum of 0.079% at 95% RH.
The same trend was observed for 98oC (Figure 6-1). The comparison between two
temperatures of 80oC and 98oC confirms that the level of water content is reduced at
higher temperature. It is likely attributed to the evaporation of the water molecules
from the oil. It can also be interpreted from the results that only 18oC differences in
temperature leads to a significant change in water concentration in the oil and it is
more noticeable at higher values of relative humidity.
Effect of relative humidity on tribofilm evolution and wear
performance
The effect of relative humidity on tribofilm growth at 80oC is shown in Figure 6-2. It
can be clearly seen that the curves cluster together into three groups. The curves in
the first group called low humidity range correspond to the relative humidity between
0% RH to 40% RH. Second and third groups represent curves for humidity in the
range of 50%RH to 70% RH (medium humidity) and 80%RH to 95%RH (high
humidity) respectively.
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Figure 6-1 Measured water concentration at 80oC and 98oC
The higher tribofilm thickness was observed in the first group due to the lower water
concentration in the oil (Figure 6-3). The lower tribofilm thicknesses were found in
the high humidity group including the humidity in the range of 80% to 95%. Results
indicate higher water concentration in higher humidity tests (Figure 6-3). It can be
concluded that the higher the relative humidity thinner tribofilm is formed. The same
trend was observed at 98oC in terms of tribofilm thickness (Figure 6-3). Tribofilm
thickness was decreased by increasing the relative humidity.
The comparison between these two temperatures show that the differences between
the steady state tribofilm thicknesses for the low humidity values and high humidity
values are more distinguishable at low temperature (80oC). The results are in a good
agreement with the recent study by the authors (110). They proposed that when the
mixed-water in oil increases, the steady state tribofilm thickness decreases. Cen et al
(44) found the same trend in their work. It is interesting to note that based on the
results presented in Figure 6-2 and Figure 6-3, relative humidity can reduce the rate
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of formation and eventual thickness of the tribofilm and it can significantly affect the
wear process (202).
The effects of water concentration at different values of relative humidity on steady
state tribofilm thickness at two different temperatures of 80oC and 98oC are plotted in
Figure 6-4 and Figure 6-5. It can be understood from the graph that the steady state
thickness of the tribofilm reduces while the water concentration (relative humidity)
increases for both temperatures. However, it is more significant and noticeable at
lower temperature due to the fact that more water is present in the oil. It is observed
that an increase of temperature seems to increase the ZDDP decomposition rate thus
increasing the tribofilm thickness.
Figure 6-2 Tribofilm thickness measurement results for 80oC for different
levels of relative humidity
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Figure 6-3 Tribofilm thickness measurement results at 98oC for different levels
of relative humidity
It can be clearly understood that at the same values of humidity, tribofilm thickness is
higher at higher temperature. The same trend was observed by Morina et al (15, 175).
Figure 6-6 indicates how steady state tribofilm thickness influences wear
performance.
The following conclusion can be drawn from the graph; first and foremost, thicker the
ZDDP tribofilm leads to lower wear in the system. Secondly, it can be noted that at
the same thicknesses of the tribofilm, the higher wear occurs at lower temperature
(80oC) which can be attributed to the higher dissolved water concentration in the oil
at lower temperature. This difference indicates that thickness of the tribofilm is only
one of the dominant factors in affecting wear performance and composition of the
tribofilm is also significant and needs to be explored.
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Figure 6-4 Effect of relative humidity on steady state tribofilm thickness for
different temperatures
Figure 6-5 Effect of water concentration measured at different levels of relative
humidity on steady state tribofilm thickness for different temperatures
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Figure 6-6 Steady state tribofilm thickness results vs measured wear depth
Effect of relative humidity on tribochemistry
Crobu et al. (95, 98) showed the surface chemistry of zinc polyphosphates can be
characterised using XPS based on the integrated intensity ratio of bridging oxygen (P-
O-P) and non-bridging oxygen (P=O and P-O-M). It has been suggested that the chain
length of glassy phosphates tribofilm can be identified by a combined usage of
bridging oxygen/non-bridging oxygen (BO/NBO) intensity ratio, Zn3s-P2p3/2 binding
energy difference and a modified Auger parameter.
This combined method allows characterisation of polyphosphate chain composition
ranging from zinc orthophosphate to zinc metaphosphate. In this study, the ratio of
bridging oxygen to non-bridging oxygen is used to identify the chain length of glassy
polyphosphate by dividing the ratio of BO to NBO intensity obtained from XPS
analysis (Figure 6-7 and Figure 6-8). For the above mentioned experiments in Section
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6.3 XPS analysis was conducted and the oxygen peaks are plotted. This approach has
been demonstrated in the literature (176-184).
Table 6-1 represents the results for BO/NBO at different levels of relative humidity.
It can be seen that the value of BO/NBO decreases while the humidity increases for
both temperatures of 80oC and 98oC. It can be interpreted that higher values of
humidity correspond to shorter polyphosphates chain length ranging from zinc
orthophosphate to zinc metaphosphate (95, 98).
Based on the BO/NBO ratios, the shortest polyphosphate chain length was observed
for 95% relative humidity at 80oC while 0% relative humidity at 98oC was found
responsible for the longest polyphosphate chain length. The test at 80oC and 0% RH
showed very short–chain structure predominate in orthophosphate composition and
the long-chain structure (metaphosphate) belongs to 0% RH and 98oC.
It suggests that humidity can affect the mechanical properties of the tribofilm
especially at lower temperatures and higher levels of humidity due to the higher water
concentration in the oil. Figure 6-1 illustrates the water concentrations at different
values of humidity. The lowest water content belongs to 98oC and 0% RH which is
responsible for the longest polyphosphate chain (metaphosphate) and the highest
water concentration is for 95% RH at 80oC found 0.079 which has the shortest glassy
polyphosphate chain length (202).
The results are in a good agreement with literature. Fuller et al (74) and Nichollas (86)
et al pointed out that longer chain polyphosphates could also be depolymerised by
water to shorter chain polyphosphates. The proposed mechanisms of
depolymerisation of polyphosphates chain are described in Equation 6-1 and Equation
6-2 . In the presence of water, hydrolysis of polyphosphates occurs, creating short-
chain polyphosphates and phosphoric acid.
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Zn (PO3)2 + 6H2O Zn7 (P5O16)2 (short chain polyphosphates) + 4H3PO4 6-1
Zn (PO3)2 + 3H2O Zn2P2O7 (short chain polyphosphates) + 2H3PO4 6-2
It supports the fact that when higher water concentration is present in the oil at higher
values of humidity and lower temperature, the tribofilm formed on the surface consists
of shorter polyphosphates due to the depolymerisation of the longer polyphosphates
chains (44, 174).
The effect of humidity on tribofilm chain length for different temperatures of 80oC
and 98oC are shown in Figure 6-9 and Figure 6-10 respectively. Interpreting the
graphs confirms that the difference between BO/NBO ratios of 0% RH and 95% RH
at 80oC is more significant than 98oC due to the evaporation of water at higher
temperature and lower water concentration presented in the oil.
Table 6-1 BO/NBO ratios at different levels of relative humidity
Tests BO/NBO
80oC 98oC
0% Relative Humidity 0.43 0.56
20% Relative Humidity 0.39 --------
30% Relative Humidity 0.30 --------
50% Relative Humidity 0.14 0.2
70% Relative Humidity 0.1 --------
95% Relative Humidity 0.04 0.15
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Figure 6-5 showed that higher temperature leads to the thicker steady state tribofilm
thickness. The comparison between the ratios of BO/NBO of two temperatures reveals
that the higher the tribofilm thickness the longer the polyphosphates chain (Table 6-1).
Figure 6-5 and Table 6-1 results indicate that the higher test temperature results a
thicker tribofilm containing longer polyphosphates.
Figure 6-7 High resolution X-Ray Photoelectron Spectroscopy (XPS) spectra
for ZDDP tribofilm formed at different values of humidity for 80oC
Figure 6-8 High resolution X-Ray Photoelectron Spectroscopy (XPS) spectra
for ZDDP tribofilm formed at different values of humidity for 98oC
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Figure 6-9 Effect of water concentration at different values of relative humidity
on polyphosphate chain length at 80oC
Figure 6-10 Effect of water concentration at different values of relative
humidity on polyphosphate chain length at 98oC
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The effect of relative humidity on wear performance
The tribological tests were performed using MTM SLIM with different levels of
relative humidity to investigate the relationship between relative humidity and wear
performance. Figure 6-11 and Figure 6-12 illustrates the effect of different levels of
humidity on wear performance of the lubricant. Based on the wear results, it can be
noted that the higher the relative humidity the higher the wear of the system. The
reason for the increase of wear at higher relative humidity is attributed to the higher
level of water adsorption.
Figure 6-11 Effect of relative humidity on the average wear depth at two
different temperatures of 80oC and 98oC
The following conclusion can be drawn that relative humidity results in the
acceleration of wear of the system. Figure 6-11 confirms that the average wear depth
is dramatically increasing when the relative humidity is reaching the higher values
(more than 50%) at 80oC. It supports the fact that the level of water absorption of the
oil in the presence of humid environment increases to a maximum of 0.079 volume
percent at 95% RH which produces 153 nm average wear depth. The water contents
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and wear depth follow the same trend at 98oC as 80oC but it should be mentioned that
the effect of higher relative humidity on wear performance is more noticeable at 80oC
compared to 98oC.
These results are in a good agreement with the studies done by Lancaster et al (53)
and Cen et al (44, 60). It was proposed that water contamination plays a significant
role in accelerating wear of the system in comparison with the effect of water on
friction. Cen et al (44) found recently that increasing the relative humidity leads to
the higher water adsorption and higher wear under pure sliding condition.
Figure 6-12 Effect water concentration measured at different levels of humidity
on the average wear depth at two different temperatures of 80oC and 98oC
Recent work published by Parsaeian et al (110) indicates that average wear depth is
increasing by mixing more water in the oil. It was also found by Cai et al (185) that
water contamination above the saturation level in the oil (emulation) is detrimental
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for the system in terms of wear behaviour. In this study, it is also observed that the
lower temperature results in higher wear. It can be related to the more evaporation of
water at higher temperature. It can also be said that the higher temperature leads to
the thicker tribofilm formed by ZDDP. The same trends were proposed by Cen et al
(44) and Ghanbarzadeh et al (109).
Table 6-2 Summary of the effect of relative humidity and temperature on
tribological performance
Changes with the increase of relative
humidity and temperature using
PAO+ZDDP in rolling/sliding
conditions
Relative
humidity
Temperature
Tribofilm
information on ball
wear scar
Steady state
tribofilm thickness
decrease increase
Growth rate No trend increase
Phosphate chain
length decided by
BO/NBO ratio
decrease increase
Wear increase decrease
Summary of the effect of relative humidity
The effect of relative humidity on tribofilm characteristics and wear performance of
the boundary lubricated system in rolling-sliding conditions has been investigated for
the first time in this chapter by using MTM SLIM integrated to the humidity control
system. Notable observations in this chapter are summarized as follow:
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1. The increase of relative humidity increases the tribocorossive wear of the
system for both temperatures of 80oC and 98oC. It can be attributed to the
higher water concentrations when higher humidity values are applied. It is
worth mentioning that the higher the temperature the less the tribocorrosive
wear due to the thicker tribofilm thickness formed on the surface. The effect
of humidity on wear performance is more significant at lower temperature in
comparison with higher temperature.
2. Higher water contents in oil results in reducing the growth of the tribofilm
which causes higher wear in the system. Reducing tribofilm growth might be
because of the difficulty that ZDDP molecules have to access to the surface
and react with the substrate in the presence of higher amount of water.
3. Relative humidity can significantly affect the mechanical properties of the
tribofilm. It was found that the effect of humidity on tribofilm formation is
more significant at higher humidity and lower temperature (80oC) due to the
more water content in the oil.
4. It can be interpreted from the results that humidity hinders the growth of the
tribofilm and it can considerably affect the tribocorrosive wear of the system.
The higher the relative humidity the lower the steady state tribofilm thickness
and the higher the tribocorossive wear.
5. XPS results show that shorter chain poly phosphates present in the tribofilm
at higher relative humidity. It can be linked to the depolymerisation of longer
polyphosphate chain to shorter chain. The higher the relative humidity the
lower the ratio of BO/NBO.
The results indicate that the higher water concentration observed in the higher
humidity test and thinner tribofilm containing shorter chain poly phosphates is formed
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on the surface (Table 6-2). This experimental results are used to develop a semi-
analytical model considering the effect of relative humidity on the tribofilm thickness
and the corresponding wear for the first time which is the subject of the next chapter
of this study.
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Development of Tribochemical Model
Introduction
Relative humidity, addition of water and their effects on tribochemistry and wear of
boundary lubricated systems were examined experimentally in Chapter 5 and Chapter
6. In the current study the tribofilm thickness and wear results obtained experimentally
are used to develop a semi-deterministic approach to implement the effect of humidity
and mixed-water in wear prediction of boundary lubrication for the first time. Two
approaches were used for this purpose; firstly, a modification factor was found to be
suitable for Archard’s wear equation to be able to account for the effect of relative
humidity. Secondly, the effect of humidity on the tribofilm growth on the surfaces
was captured in the model and its effect on the wear was tested based on a recent
model developed in Leeds (107, 156). Although the model components are explained
briefly in this section, the details of the contact model and the wear mechanism can
be found in Ref (107) and (109) respectively.
The model consists of the following main parts:
- A deterministic contact model for rough surfaces using elastic-perfectly
plastic theory
- A semi-analytical tribofilm growth model based on thermodynamics of
interfaces
- Tribofilm mechanical properties which include the values reported previously
in the literature
- A new proposed modification of Archard’s wear model considering the effect
of ZDDP tribofilm
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In this model, digitized surfaces have been used as the inputs. This method is
explained in detail by Tonder et al. (186) and Ghanbarzadeh et al (107). The contact
mechanics model is a plastic-perfectly plastic approach using the complementary
potential energy formulation (107).
In order to consider tribochemistry, this model contains the tribofilm formation part
which is based on kinetics of tribochemical reactions and is combined with a
phenomenological term that accounts for the dynamic removal of the tribofilm (107)
and is shown by equation 7-1 .
ࢎ = ࢎ࢓ ࢇ࢞൬૚− ࢋቀି ࢑૚ࢀࢎᇲ .࢚࢞࢘࢏࢈࢕.࢚ቁ൰− ࡯૜(૚− ࢋି࡯૝࢚) 7-1
In which ଵ݇ and ℎᇱ are the Boltzmann and the Plank’s constants, ܶ is the flash
temperature and ܥଷand ܥସ are removal constants. The term ݔ௧௥௜௕௢ was interpreted as
the mechanoactivation in inducing the tribochemical reactions. A detailed discussion
can be found in (107). A tribochemical wear model was developed in that work that
accounts for the dynamic, formation and removal of the tribofilm. Since the wear
model is developed further to take into account the effect of water in this thesis, a
detailed description is given in this chapter.
The wear model used in the numerical approach is a modified version of Archard’s
wear equation that accounts for the growth of the ZDDP tribofilm on the surface. The
wear model is local and is space and time-dependant. Assuming that the coefficient
of wear is at its maximum for steel-steel contact and at its minimum when the tribofilm
has its maximum thickness, the equation for calculating the coefficient of wear is as
follows:
Formation Removal
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ࡷ࢚࢘ = ࡷ࢙࢚ࢋࢋ࢒− (ࡷ࢙࢚ࢋࢋ࢒− ࡷ࢓ ࢏࢔). ࢎࢎ࢓ ࢇ࢞ 7-2
Where ܭ௧௥ is the coefficient of wear for a tribofilm with thickness ℎ, ܭ௦௧௘௘௟, ܭ௠ ௜௡
and ℎ௠ ௔௫ are coefficients of wear for steel and the maximum ZDDP tribofilm
thickness and maximum film thickness, respectively. It was reported that wear can
occur due to the removal of the tribofilm from the surface. There is limited number of
the substrate atoms in the bulk of the tribofilm due to different surface phenomena
(168, 187, 188). Therefore the dynamic process of the formation and removal of the
tribofilm on the contacting asperities will lead to the removal of the substrate atoms
(109). This is a simple mathematical formulation for studying the effect of ZDDP
tribofilm on reducing wear on steel surfaces. This wear model is explained in detail
in (107, 156) and is validated against experimental results in Section 7.3.
Model calibration procedure
There are several parameters in the complete model that require calibration before
predictions of wear can be made. The details of the model calibration has been
reported in (107) in detail. However a brief explanation is given here. For the wear
calculation part of the model, the parameters needed are the initial wear coefficient,
K, and the minimum coefficient of wear ܥ݋ܹ ௠ ௜௡. These are determined using
experimental results for one operating condition and then used for all other
simulations under different conditions. For the tribofilm growth part of the model, the
four parameters ݔ௧௥௜௕௢, ℎ௠ ௔௫, ܥଷ and ܥସ need to be determined for each set of
experimental conditions in order to capture the tribofilm behaviour, which is different
in each case. This is achieved by fitting equation 7-1 to experimental measurements
of tribofilm thickness.
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The procedure for determining the initial wear coefficient involves conducting
simulations with different initial coefficients of wear to identify the coefficient value
that exactly matches the wear behaviour observed in the calibration experiment. The
same initial coefficient of wear can then be used in all other simulations under
different conditions.
For simplicity, the value of ܥ݋ܹ ௠ ௜௡ is chosen to be one tenth of the initial coefficient
of wear for the case of steel on steel contact. This is based on the experimental
observations that wear in the presence of the ZDDP tribofilm has been reported to be
approximately one tenth of the wear in the absence of the ZDDP (74, 86, 189-191).
The numerical prediction results confirm that this is a reasonable approximation.
Validation of the model
Tribofilm thickness
MTM-SLIM configuration results are shown in this section for two ZDDP
concentrations at three temperatures and three times. Thickness measurements for 1%
wt ZDDP concentrations in oil at two temperatures of 60 and 100̊ C for three different
test durations are shown in Figure 7-1 and Figure 7-2. All the experiments were
conducted at applied load of 60 N. In addition, the measurement results with the same
concentration for different temperatures for 2 hours test duration are plotted in Figure
7-3 . Spacer Layer imaging results are also plotted for 0.5% wt ZDDP concentration
in oil at three different temperatures of 60, 80 and 100o C in Figure 7-4.
The tribofilm measurement results are used to calibrate the tribochemical model of
Equation 7-1 and the calibrated parameters are reported in Table 7-1. The goodness
of the fitting is also shown in the Figure 7-5 for one case of 1% wt ZDDP in oil. Figure
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7-5 shows the tribofilm thickness predicted by the simulation and measured
experimentally for the three temperatures (60°C, 80°C and 100°C) for 1% wt ZDDP.
Figure 7-1 Tribofilm thickness measurements for 100oC at different times
Figure 7-2 Tribofilm thickness measurements for 60oC at different times
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Figure 7-3 Tribofilm thickness measurements for different temperatures for
1% wt ZDDP in oil
Figure 7-4 Tribofilm thickness measurements for different temperatures for
0.5% wt ZDDP in oil
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There is very good agreement between simulation and experiment, and both show that
the tribofilm formed under these different conditions has a different thickness. The
tribochemical model predicts the growth of the tribofilm at asperity scale. Therefore
the next step would be to examine the effect of this formed tribofilm on wear of the
system using the proposed wear model. Wear measurement results are shown in the
next section and the predicted numerical results are reported in Section 7.3.2 and
7.3.3.
Figure 7-5 Example of numerical and experimental tribofilm growth for 1% wt
ZDDP in oil at three different temperatures
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Table 7-1 Numerical inputs and calibrated parameters
Parameter 1% Wt ZDDP 0.5% Wt
ZDDP
100oC 80oC 60oC 100oC Description
K 5.45 × 10ି଼ 5.45 × 10ି଼ 5.45
× 10ି଼ 5.45 × 10ି଼ InitialDimensionless wear
coefficient for steel
࡯ࡻࢃ ࢓ ࢏࢔ 5.45 × 10ିଽ 5.45 × 10ିଽ 5.45
× 10ିଽ 5.45 × 10ିଽ Dimensional wearcoefficient for
maximum film
thickness
ࢎ࢓ ࢇ࢞ 250 nm 200 nm 150 nm 250 nm Maximum local
tribofilm thickness
in the formation
process
࢚࢞࢘࢏࢈࢕ 1.66 ×10ିଵ଺ 1.66 ×10ିଵ଺ 1.66
×10ିଵ଺ 1.30×10ିଵ଺ Tribofilm formationrate constant
࡯૚ 0.08566 0.05432 0.08052 0.08052 Tribofilm removal
constant
࡯૛ 0.000457 0.0004022 0.0004033 0.000406 Tribofilm removal
exponential factor
ࡱ૚,ࡱ૛ 209 GPa 209 GPa 209 GPa 209 GPa Young’s modulus
of two surfaces
ࣇ૚,ࣇ૛ 0.3 0.3 0.3 0.3 Poisson ratio
ࡴ࢙࢚ࢋࢋ࢒ 6 GPa 6 GPa 6 GPa 6 GPa Hardness of the
steel substrate
ࡴ࢚࢘ 2 GPa 2 GPa 2 GPa 2 GPa Hardness of the
tribofilm at steady
state tribofilm
thickness
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Wear results
White Light Interferometry using NPFLEX from Bruker was used to measure wear
on the discs. An example of wear measurement images is shown in Figure 7-6.
The wear analysis in this work is based on the average wear depth profile and is
compared to the numerical results. Wear depth is measured by comparing the average
heights of points inside and outside the wear track. An example of this comparison is
shown in Figure 7-7.
Figure 7-6 2D and 3D images of wear track
The measurement results for different working conditions as reported in Table 7-1 are
shown in Figure 7-8 for 1% wt ZDDP in oil and Figure 7-9 for 0.5% wt ZDDP which
give the wear depth measured for different samples. The experiments were conducted
for different times for 1% wt ZDDP to see the evolution of wear and validating the
model but only 2-hour experiments were carried out for 0.5% wt ZDDP in the oil.
118
Figure 7-7 2D wear track image and the image profile of the surface after the
experiment
From the comparison of the experimental results, it can be interpreted that a higher
concentration of ZDDP in the oil increases the growth rate of the ZDDP tribofilm. It
is also shown that a higher concentration of ZDDP results in less wear in the system.
These conditions are simulated by the model and the results are reported in the next
sections.
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Figure 7-8 Wear measurements for different temperatures and different times
for 1% wt ZDDP in oil
Figure 7-9 Wear measurements for different temperatures for 0.5% wt ZDDP
in oil at 2 hours
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Numerical results
The experimental wear depth measurements for 80°C at two hours were used to
calibrate the wear model as described in Section 7.2. The initial coefficient of wear
found agreed well with values reported in the literature (161, 167, 192). Wear is
calculated at every time step of the simulation using the wear model described in
Section 0, and plastic deformation is calculated in the elastic-perfectly plastic contact
model.
The amount of wear is accumulated in time at every asperity in contact and the wear
depth can be calculated at the end of simulation. The experiments reported in Section
7.3.2 were simulated via the model, and the predicted wear depth as a function of time
is shown in Figure 7-10 for 1% wt ZDDP in oil and Figure 7-11 for 0.5% wt ZDDP.
This strategy shows that if the model is able to capture the tribofilm growth on the
surface it is also able to capture wear in the systems with this specific mechanism.
The authors believe that this model in combination with the experiments can open
new insights in the mechanisms of wear reduction of ZDDP on steel surfaces and
relate it to the tribofilm formation and removal properties and can be extended to
systems where tribochemical reactions form reactive layers and these layers offer a
physical barrier to the surface. This would be the case for most P-containing antiwear
additives.
For comparison with experiments, calculations of wear depth and tribofilm thickness
are made by averaging values over the entire computational surface. The calibration
parameters were then used to simulate the model to see the pattern of surface
topography and wear of the system. No validation of such physical parameters was
then reported and only the numerical model development and its capabilities were
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studied. In this work experiments were conducted on MTM and the tribofilm growth
results are based on the new measurements.
Tribofilm thickness experimental results are used to capture the growth behaviour by
setting the simulation values with respect to the experimental results. It is important
to notice that once the tribofilm behaviour is captured, the model is able to predict the
wear behaviour for the case of ZDDP on steel surfaces. So far in this research,
capturing the tribofilm behaviour was dependent on the experimental results due to
the lack of comprehensive analytical understanding of the real mechanisms of
tribofilm formation and removal. Despite all the complexities, such simplified semi-
analytical models for tribofilm growth can be good starting points for the problem. As
explained in detail in the previous work (107) , there is more need for experimentation
to develop the proposed tribofilm growth even further.
The parameters used in the tribofilm growth model such as ݔ௧௥௜௕௢, ℎ௠ ௔௫, ܥଷ and ܥସ
for different sets of experiments are reported in Table 7-1. It can be seen from Table
7-1 that the fitting parameters are different for different experiments and this is not
surprising due to the different growth behaviour in each experiment. The calibration
results in this work reported in Table 7-1 are in line with the theories explained in
(107) . It can be seen that ݔ௧௥௜௕௢ is the same for different temperatures of the same
condition. It is also reasonable to have smaller ݔ௧௥௜௕௢ for lower concentration of ZDDP
in the oil.
These results are in agreement with the concept of ݔ௧௥௜௕௢ which was explained in
details in (107, 156) . In principle, this term relates to the proportion of transition
states in the tribochemical reaction that result from mechanical activation; in practice
it is a fitting parameter to be calibrated via experiments providing in-situ
measurements of tribofilm thickness. The advantage of this model is the ability to link
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to component scale measurements. It must be noted that the work strongly supports
the fact the tribofilm reactions need shear stress to initiate. The temperature
dependency of the kinetics is not exponential like conventional Arrhenius type
equations. The term ݔ௧௥௜௕௢ is independent of the temperature and it is confirmed in the
numerical results reported in Table 7-1. It shows that concentration of lubricant
additives can be considered in the growth modelling of their tribofilm. Since this is
not the focus of this work, further discussion on the growth model is not presented
here.
As explained in Section7.3.3, the coefficient of wear in the simulation is time and
position-dependent. Therefore the average coefficient of wear at each time in the
simulation can be obtained by averaging the values for coefficient of wear for all
contacting points. The variation of the average coefficient of wear with time for
different temperatures in the case of 1% ZDDP in the oil is plotted in Figure 7-12. It
can be interpreted from the results that growth of the tribofilm on the contacting spots
can reduce the average wear coefficient and that results in the overall wear reduction.
The average wear coefficient tends to stabilize when the tribofilm thickness stabilizes
and this is where the steady-state wear can start.
The predicted pattern of wear depth seen in Figure 7-10 and Figure 7-11 shows that a
relatively fast plastic deformation happens in the beginning of the contact and the rate
of the wear reduces as the rate of plastic deformation reduces. The wear of material
still remains and is responsible for the reduction in depth of the contact. Formation of
the tribofilm on the contact spots results in the reduction of wear rate and is
responsible for less wear being observed in numerical results. The amount of wear
observed experimentally after 30 minutes and 45 minutes at 100°C and 60°C for 1%
wt ZDDP in oil are also shown as discrete data points in Figure 7-10. The simulation
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predictions show reasonably good agreement with the experimental measurements;
see also Table 7-2 for comparison of the data values.
Figure 7-10 Simulation of wear for different temperatures at 2 hours for 1%wt
ZDDP in oil
Figure 7-10, Figure 7-11 and Figure 7-9 together therefore highlight that the effect of
the ZDDP tribofilm on the coefficient of wear is well captured by the model. The
tribochemical wear model tested in this study can be applied to systems similar to the
one reported here; where a reacted film with varying chemistry through the thickness
is formed. As the tribofilm starts to grow on the surface, the rate of this growth plays
a significant role in the rate of reduction of the coefficient of wear.
The thickness reported in most experimental studies is the steady-state tribofilm
thickness, but the coefficient of wear in this work is a function of time and changes
with the gradual changes in the thickness of the tribofilm. Therefore it is possible to
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have a thicker tribofilm in the simulation at steady-state while also having a higher
wear.
The tribofilm thickness measurements resulting from Spacer Layer Interferometry
were used to calibrate the tribochemical model of Equation 7-1. Simulations were
carried out using the calibrated parameters and working conditions. The simulation
results show that the assumption of a lower time and spatially-dependent coefficient
of wear for thicker tribofilms is reasonable for the case of different temperatures and
different concentrations of ZDDP in the oil.
Figure 7-11 Simulation of wear for different temperatures at 2 hours for 1%wt
ZDDP in oil
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Figure 7-12 Variation of the average coefficient of wear with time for different
temperatures for 1% wt ZDDP in oil
It can be seen in Figure 7-10 and Figure 7-11 that at the start of the tribo-contact,
simulations show almost the same wear because of high plastic deformation. At some
point, when the tribofilm starts to grow, and because of variable reaction rates
(indicated by ݔ௧௥௜௕௢ values), the coefficient of wear starts to decrease and the rate of
this decrease depends on temperature and concentration of additive. This fact is also
confirmed in Figure 7-12. The experimental results support the model.
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Table 7-2 Comparison between experimental measurements and numerical
wear depth calculations
Test Experimental wear
depth measurements
(µm)
Numerical wear
depth results (µm)
1% wt ZDDP 100oC_30 min 0.0712 0.0778
100oC _45 min 0.0818 0.0839
100oC _120 min 0.1272 0.1208
80oC _30 min 0.0793 0.0798
80oC _45 min 0.0947 0.0952
80oC _120 min 0.1482 0.1484
60oC _30 min 0.1006 0.0917
60oC _45 min 0.1252 0.1121
60oC _120 min 0.2102 0.2215
0.5% wt
ZDDP
100oC _120 min 0.1505 0.1430
80oC _120 min 0.1830 0.1682
60oC _120 min 0.2550 0.2676
Analytical study of the effect of mixed-water
The experimental results reported in Chapter 5 are used in this section in two different
approaches to predict wear of the boundary-lubricated contact with the oil containing
ZDDP additive.
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First approach: semi-deterministic coefficient of wear
In this approach it is assumed that the tribofilm thickness is following the same
behaviour for all levels of water concentration. It means that the growth of tribofilm
is the same for all water concentration experiments and the same amount of tribofilm
is formed on the surfaces for all different experiments. This is not accurate in reality
and experimental results reported in chapter 5 show otherwise. But this approach is
used to see if the same tribofilm growth behaviour is modelled for all experiments, a
modification to Archard’s wear equation can predict the wear of the system. The only
parameter that can be affected by water is assumed to be the initial coefficient of wear.
The calibration procedure for the initial coefficient of wear is reported in Ref (109).
This approach is applied to semi-deterministically find the true coefficient of wear
corresponding to the different levels of water concentration. The value of the average
wear depth measured experimentally and reported in Section 5.2 was used to match
the average wear depth results from the simulations for every level of water
concentration. The procedure for determining the initial wear coefficient involves
conducting simulations with different initial coefficients of wear to identify the
coefficient value that exactly matches the wear behaviour observed in the experiment.
The difference between the value of the calculated wear and the wear measured
experimentally in Section 5.2 was set to be less than 0.1 nm in order to get the best
match. The initial wear coefficients calculated from the simulations are reported in
Table 7-3 for different water concentrations for 80 ̊ C and 100 ̊ C.
A factor ψ is added to the proposed wear model of Equation 7-2 that is responsible 
for the effect of water on tribocorrosive wear of the system. Equation 7-2 is then
converted to Equation 7-3.
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ࡷ࢚࢘ = ૐࡷ࢙࢚ࢋࢋ࢒− (ૐࡷ࢙࢚ࢋࢋ࢒− ࡷ࢓ ࢏࢔). ࢎࢎ࢓ ࢇ࢞ 7-3
ψ is calculated between 1 and 2.5 in all ranges of water concentrations and is more
for higher concentrations. These simulation results show that the coefficient of wear
can be modelled for different levels of water concentration to predict wear. If the
appropriate Ψ value is assigned in the simulation of wear in the presence of water, 
wear values can be successfully predicted by Equation 7-3. Ψ is then reported in Table 
7-4 for different levels of water concentration.
Table 7-3 Wear coefficients used in the numerical simulations (Dimensionless)
Temperature 0% 0.5 % 1.5% 3%
100 ̊ C 10ି଼ 1.64*10ି଼ 1.65*10ି଼ 2.3*10ି଼
80 ̊ C 2*10ି଼ 2.7*10ି଼ 3.1*10ି଼ 3.5*10ି଼
Table 7-4 Ψ for different water concentrations at different temperatures 
(Dimensionless)
Temperature 0% 0.5 % 1.5% 3%
100 ̊ C 1 1.35 1.55 1.75
80 ̊ C 1 1.64 1.65 2.30 
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Second approach: effect of tribochemistry
To study the effect of tribochemistry, unlike the first approach, the starting coefficient
of wear is assumed to be the same in the numerical model for different levels of water
concentration. Following that, the effect of water in changing the growth behaviour
of the tribofilm observed experimentally in Chapter 5 has been used to capture the
behaviour in the model. The changes in growth behaviour of the tribofilm will change
the wear coefficient locally at the asperity scale. For the tribofilm growth part of the
model, the four parametersݔ௧௥௜௕௢,ℎ௠ ௔௫, ܥଵ and ܥଶ need to be determined for each set
of experimental conditions in order to capture the tribofilm behaviour, which is
different in each case. This is achieved by fitting Equation 7-1 to experimental
measurements of tribofilm thickness of Section 5.3. These parameters are reported in
Table 7-5 for different water contents. The wear is then calculated with respect to this
growth behaviour and the results have been compared to the experimental wear depth
results obtained experimentally.
The tribofilm growth simulation results are plotted Figure 7-13. The simulation wear
results corresponding to the different levels of water concentrations for 100 ̊ C and 80 ̊ 
C are also shown in Figure 7-14 and are compared with the experimental results of
section 5.3 . It can be seen that tribofilm affects the wear of the system. In the higher
concentrations of water a lower rate of formation of the tribofilm is being observed.
This lower rate of formation results in higher coefficient of wear according to
Equation 7-2. It is important to notice that once the tribofilm behaviour is captured
(Figure 7-13), the model is able to predict the wear behaviour for the case of ZDDP
on steel surfaces (Figure 7-14).
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Table 7-5 Simulation inputs and calibration parameters
T=100oC
Water
Concentration
(wt %)
0 0.5 1.5 3
࢚࢞࢘࢏࢈࢕ 1.66×10ିଵ଺ 1.56×10ିଵ଺ 1.41×10ିଵ଺ 1.35×10ିଵ଺
ࢎ࢓ ࢇ࢞ (nm) 250 250 250 250
࡯૚ (nm) 85.86 95.92 132.7 134
࡯૛ 0.000457 0.000408 0.0003149 0.000331
T=80oC
Water
Concentration
(%)
0 0.5 1.5 3
࢚࢞࢘࢏࢈࢕ 1.66×10ିଵ଺ 9.65×10ିଵ଻ 8.85×10ିଵ଻ 7.45×10ିଵ଻
ࢎ࢓ ࢇ࢞ (nm) 200 200 200 200
࡯૚ (nm) 54.32 100 120 120
࡯૛ 0.0004022 0.000098 0.0001067 0.0001042
So far in this research, capturing the tribofilm behaviour was dependent on the
experimental results due to the lack of comprehensive mechanistic understanding of
tribofilm formation and removal. Despite all the complexities, such simplified semi-
analytical models for tribofilm growth can be good starting points for the problem.
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This is therefore a good approach for modelling wear in boundary lubricated contacts
which can include the effect of water in the tribological behaviour of the system.
Figure 7-13 Tribofilm growth simulations for (a) 80oC and (b) 100oC
Figure 7-14 Numerical wear calculation compared with experimental
measurements (a) 80oC and (b) 100oC
Tribocorrosive wear of the boundary lubricated system by oil containing a ZDDP
antiwear additive has been modelled in this work considering the tribochemistry of
the antiwear additive. It is shown that considering growth behaviour of the tribofilm
a b
(a) (b)
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for ZDDP on steel surfaces is a reasonable approach for modelling wear in
tribocorrosive tribological systems. Experiments were designed to monitor the
tribofilm growth in addition to the measurement of wear to be able to make a link
between them. Two numerical approaches were tested in this work in order to study
the effect of water in tribocorrosive wear of the boundary lubrication contacts and the
results were shown in the previous section. For the first approach, coefficients of wear
were semi-deterministically obtained from the simulations to satisfy the wear
measurements.
This approach suggests that for different water concentrations wear of the system is
different and Archard’s wear equation needs to be modified accordingly. It was
reported in Section 7.4.1 of the numerical results that a modification parameter can be
used to modify the Archard’s wear coefficient in the previously reported
tribochemistry wear model. This parameter (ψ) is calculated from the simulations and
the range was between 1 and 2.5 for all water concentrations used in this study. It is
shown that, without changing the growth behaviour of the tribofilm (tribochemistry),
simulations can predict the wear of tribocorrosion systems by changing the Archard’s
wear coefficient. In the second approach, unlike the first one, the effect of water on
the growth of the ZDDP tribofilm was considered.
The growth model was calibrated for all different tribofilm growth case s and the
simulations were carried out using those growth behaviours. The coefficient of wear
was assumed to be constant for all the simulations in this approach unlike the first
approach and the only parameter changing the coefficient of wear was the difference
in tribofilm thickness of the different cases. Wear results in this case were shown in
the previous section and good agreement can be seen with experimental results.
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As shown in Table 7-5 Simulation inputs and calibration parameters the rate of
formation of tribofilm is different for different levels of water concentration at the
same temperature. The term ݔ௧௥௜௕௢which is responsible for the effect of mechanical
rubbing on the initiation of tribochemical reactions (107) is reported in Table 1-6. It
is clear both from experimental and numerical results that the formation rate decreases
when water concentration increases. The term ݔ௧௥௜௕௢for different levels of water
concentration is plotted in Figure 7-15.
Figure 7-15 ܠܜܑܚ܊ܗ calibrated for different temperatures at different water
concentrations at (a) 100oC and (b) 80oC
The simulation results based on the second approach show that if a good prediction in
the growth behaviour of the tribofilm is calculated, it can lead to a good prediction in
the wear of the system. In previous work by Ghanbarzadeh et al (109), the wear model
and the effect of tribofilm in reducing wear have been studied and the numerical
model showed good predictive capabilities for wear. The term ݔ௧௥௜௕௢ that is a major
part in the growth behaviour of the tribofilm will be the subject of future work of the
authors with a focus being on how different oils and tribological parameters affect the
value. Understanding and being able to quantify this term for tribocorrosion
(a) (b)
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conditions will help to obtain a more robust predictive tribofilm growth model.
Tribofilm growth prediction then impacts the prediction of wear according to
Equations 7-1 and 7-2. In this stage of the work, only the predictive capability of the
model in tribocorrosive conditions was tested and the results are promising. More
results and development of this model will be reported in the future.
Analytical study of the effect of relative humidity
The wear in this work is predicted in two different numerical approaches. The
experimental results of Chapter 6 are used to both calibrate and validate the model.
Both numerical approaches are described in detail below.
Semi-deterministic coefficient of wear (approach one)
In this approach, it is assumed that the tribofilm thickness is following the same trend
in all levels of humidity and the tribofilm growth model of Equation 7-1 is not
modified for different levels of humidity. This is not correct in reality and the
experimental results of Chapter 6 show otherwise. But the rationale for this is to see
the effect of humidity on modifying the Archard wear equation without taking care of
the tribofilm properties. So one can model the humidity and predict wear without
considering changes in the tribofilm and only using Archard’s wear equation.
The only parameter that can be affected by humidity in Equation 7-2 is assumed to be
the initial coefficient of wear (ܭ௦௧௘௘௟). The calibration procedure for the initial
coefficient of wear is reported in detail in Ref (109). This approach is applied to semi-
deterministically find the true coefficient of wear corresponding to the different levels
of humidity. The value of the average wear depth measured experimentally and
reported in Section 6.5 was used to match the average wear depth results from the
simulations for every level of humidity. The procedure for determining the initial wear
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coefficient involves conducting simulations with different initial coefficients of wear
to identify the coefficient value that exactly matches the wear behaviour observed in
the experiment. The difference between the value of the calculated wear and the wear
measured experimentally in Section 6.5 was set to be less than 0.1 nm in order to get
the best match. The initial wear coefficients calculated from the simulations are
reported in Table 7-6 for different levels of humidity at 80 °C and 98 °C.
Table 7-6 Dimensionless initial wear coefficients in the numerical simulations in
the first approach
Relative Humidity Temperature 80oC Temperature 98oC
0 2.2 × 10ି଼ 1.2 × 10ି଼
20 2.5 × 10ି଼ 1.3 × 10ି଼
30 2.6 × 10ି଼ -------------
40 2.95 × 10ି଼ 2 × 10ି଼
50 3.1 × 10ି଼ 2.2 × 10ି଼
60 3.5 × 10ି଼ -------------
70 4 × 10ି଼ -------------
80 4.2 × 10ି଼ 2.3 × 10ି଼
95 6 × 10ି଼ 2.35 × 10ି଼
A factor φ is added to the proposed wear model of Equation 7-2 that is responsible for 
the effect of humidity on tribocorrosive wear of the system. These values are reported
in Table 7-7. Equation 7-2 is then converted to Equation 7-4 as follows:
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ࡷ(ࢎ) = ૎ .ࡷ࢙࢚ࢋࢋ࢒− (૎ .ࡷ࢙࢚ࢋࢋ࢒− ࡷ࢓ ࢏࢔). ࢎࢎ࢓ ࢇ࢞ 7-4
In which φ is the modification parameter used to take into account the effect of 
humidity in Archard’s wear equation. This approach is a good approach for designers
of machine elements to include the tribochemical effects of humidity on the wear of
boundary lubricated systems without any detailed chemical analysis only by
modifying Archard’s wear equation. If the appropriate φ value is assigned in the 
simulation of wear in humid environment, wear values can be successfully predicted
by Equation 7-4.
Table 7-7 ૎ factors for modifying the Archard equation for different levels of
relative humidity
Relative Humidity Temperature 80oC Temperature 98oC
0 1 1
20 1.13 1.08
30 1.18 -------------
40 1.34 1.66
50 1.41 1.83
60 1.6 -------------
70 1.81 -------------
80 1.90 1.91
95 2.72 1.95
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Effect of tribochemistry (approach two)
In this approach, unlike the first approach, the initial coefficient of wear (ܭ௦௧௘௘௟) is
assumed to be constant and the effect of humidity on the growth of tribofilm on
contacting asperities is investigated numerically. The tribofilm growth results
reported 6.3 was used to capture the behaviour in the model. As discussed in 6.3, the
changes in growth behaviour of the tribofilm will change the wear coefficient locally
at the asperity scale based on Equation 7-2.
The parameters (ݔ௧௥௜௕௢, ℎ௠ ௔௫, ܥଷ and ܥସ) are obtained by fitting the mathematical
expression of Equation 7-1 to experimental tribofilm thickness results in 6.3.
Inevitably a semi-deterministic model such as the one used here involves a number of
parameters that must be determined by reference to experimental data. It is therefore
natural to ask: what is the sensitivity of the model to the values of these parameters,
and how can such parameters be determined in the absence of experimental data?
Indeed, the model of equation 7-1 has been adapted to the pool of experimental results
available in the literature, to provide a good indication of the range of the parameters
and to allow selection of a reasonable set of calibration parameters in the absence of
specific experimental data (see Ref (193)). The calibration parameters are reported in
Table 7-8 and Table 7-9 for different levels of humidity. The wear is then calculated
with respect to this growth behaviour using Equation 7-2 and the results have been
compared to the experimental wear depth results obtained experimentally.
The tribofilm simulation results are shown in Figure 7-16 and Figure 7-17 for 80oC
and 98oC respectively. The wear results corresponding to the tribofilm simulations
results are plotted in Figure 7-18 and Figure 7-19 and the simulation results are
compared with experiments. It is clear that the different growth behaviour of the
tribofilm on contacting asperities at various levels of relative humidity, affect the mild
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wear of boundary lubricated contacts. This shows that higher level of humidity lower
to thickness of the tribofilm which leads to higher wear based on Equation 7-2. It is
important to note that while the growth of the tribofilm is captured, the model is
successfully predicting wear of boundary lubricated contacts even in humid
environments.
Table 7-8 Simulation inputs and calibration parameters at 80oC
Relative Humidity % h max (nm) x tribo
0 300 1.88 × 10ିଵ଺
20 257 1.74 × 10ିଵ଺
30 218 1.75 × 10ିଵ଺
40 184 1.75 × 10ିଵ଺
50 179 1.83 × 10ିଵ଺
60 140 1.89 × 10ିଵ଺
70 121 1.84 × 10ିଵ଺
80 126 1.9 × 10ିଵ଺
95 83 1.93 × 10ିଵ଺
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Table 7-9 Simulation inputs and calibration parameters at 98oC
Relative Humidity % h max (nm) X tribo
0 365 1.54 × 10ିଵ଺
20 323 1.47 × 10ିଵ଺
40 246 1.75 × 10ିଵ଺
50 225 1.86 × 10ିଵ଺
80 183 1.93 × 10ିଵ଺
95 171 1.85 × 10ିଵ଺
Figure 7-16 Tribofilm growth simulations for different values of relative
humidity at 80oC
0 1000 2000 3000 4000 5000 6000 7000
0
25
50
75
100
125
150
175
200
Tr
ib
of
ilm
Th
ic
kn
es
s(
nm
)
Time (S)
0% RH 80oC
20% RH 80oC
30% RH 80oC
40% RH 80oC
50% RH 80oC
60% RH 80oC
70% RH 80oC
80% RH 80oC
95% RH 80oC
140
Figure 7-17 Tribofilm growth simulations for different values of relative
humidity at 98oC
Figure 7-18 Numerical wear calculation in comparison with experimental
measurements at 80oC (calculated from second approach)
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Figure 7-19 Numerical wear calculation in comparison with experimental
measurements at 98oC (calculated from second approach)
The wear of boundary lubricated system in a tribocorrosive environment in the
presence of ZDDP as an antiwear additive has been modelled in this work by
considering the tribochemistry for different levels of relative humidity. The wear in
this condition was modelled using two numerical approaches. As explained is Section
7.5.1, a modification to Archard’s wear equation that accounts for the effect of relative
humidity can successfully predict wear in boundary lubrication.
This approach can be simply used in design of machine elements working in humid
environments. The modification parameter was reported to be between 1 and 2.8 for
both temperatures and is in line with the recent reports of authors in Ref (110). The
second approach accounts for the effect of tribofilm and its thickness at different
relative humidity levels. The effect of relative humidity on the growth of ZDDP
tribofilm was investigated in this approach. The same initial coefficient of wear was
used in all simulations and the effect of tribofilm thickness in reducing the coefficient
of wear was modelled. Wear was then predicted based on Equation 7-2 and fairly
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good agreement was found between experimental and numerical results (Figure 7-18
and Figure 7-19 ).
Tribofilm thickness in this case follows Equation 7-1 in all levels of humidity and the
model of Equation 7-1 was fit into the experimental tribofilm thickness results
reported in Figure 7-16 and Figure 7-17 for 80oC and 98oC respectively. The fitting
parameters are reported in Table 7-8 and Table 7-9 . These parameters were then used
to run the simulations and predict wear based on Equation 7-2. It is presented that
capturing the growth of tribofilm can be the first step for predicting the wear of
boundary lubricated systems. Once the tribofilm behaviour is captured, the wear is
successfully predicted using Equation 7-2.
It is clear from the experimental results of tribofilm growth, that the humidity hinder
the further growth of tribofilm on the contacting asperities. The rate of growth of the
tribofilm on the surfaces is almost similar for all humidity levels and this can be seen
from the initial stages of the tribofilm growth in Figure 7-16 and Figure 7-17. On the
other hand, the steady-state film thickness that tribofilm reaches, is significantly
affected by relative humidity (203).
In the tribochemistry model of Equation 7-1, steady-state tribofilm thickness is a
combined effect of steady-state tribofilm formation (ℎ௠ ௔௫) and the steady-state
tribofilm removal (ܥଷ) terms. Extracting these information from fitting Equation 7-1
into experimental tribofilm growth results, show that the tribofilm formation rate term
(ݔ௧௥௜௕௢) is not significantly dependant on the relative humidity as was expected from
the experimental results (the rate of growth seems to be similar for different levels of
relative humidity). On the other hand, the term ℎ௠ ௔௫ in the model which is a
representation of maximum tribofilm formation (not growth) in the absence of
tribofilm removal, is significantly affected by relative humidity. In this regard, the
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calibrated ℎ௠ ௔௫ reported in Table 7-8 and Table 7-9 are plotted for different levels of
relative humidity in Figure 7-20 and Figure 7-21 for 80oC and 98oC respectively. It
can be seen that the term ℎ௠ ௔௫ is clearly reducing linearly with relative humidity
values.
The mathematical model representing this behaviour for both temperatures are
presented below
ℎ௠ ௔௫ = −2.27 × ܴܪ + 291.31 ܶ = 80௢ܥ
ℎ௠ ௔௫ = −2.10 × ܴܪ + 352.05ܶ = 98௢ܥ 7-5
In which RH is the relative humidity percentage ranging from 0 to 100.
In order to modify the tribochemistry model of Equation 7-1 it has been decided to
see the effect of relative humidity on the maximum film formation form and averaging
the above mentioned equations. The variation of ℎ௠ ௔௫ with relative humidity can be
expressed as:
ࢎ࢓ ࢇ࢞ = −૛.૚ૡ× ࡾࡴ + ૜૛૚.૟ૡ 7-6
Equation 7-6 can be used to predict the term ℎ௠ ௔௫ in Equation 7-1 in humid
environments which then can lead to a good prediction of tribofilm growth on the
surfaces and result in good prediction of wear in boundary lubricated systems in the
presence of anti-wear additives. The tribochemical model of Equation 7-1 is then
converted to:
ܐ(ܜ) = (−૛.૚ૡ× ܀۶ + ૜૛૚.૟ૡ)൬૚− ܍ቀି ܓ૚܂ܐᇲ .ܠܜܑܚ܊ܗ.ܜቁ൰− ۱૜(૚− ܍ି۱૝ܜ) 7-7
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Figure 7-20 Variation of hmax by relative humidity at 80oC
Figure 7-21 Variation of hmax by relative humidity at 98oC
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It should be mentioned that equation 7-7 is valid for the specific range of temperature
between 80o-100oC for this experimental conditions. According to the calibration of
Equation 7-1 at different humidity levels, the term ݔ௧௥௜௕௢ which in principle is
responsible for the formation rate of tribofilm, is not significantly affected by altering
the humidity. This is because the humidity does not affect the growth rate of the ZDDP
tribofilm considerably as shown in Experimental results of 6.3 in comparison with the
effect of mixed-water in the oil which can significantly affect the growth rate of the
tribofilm (110).
Summary
A semi-analytical approach was applied to model the effect of relative humidity and
mixed-water in oil on tribofilm growth and wear in boundary lubricated system in
presence of ZDDP as an anti-wear additive. Two approaches were employed to
implement the effect of relative humidity and mixed-water in oil in predictive wear
model and experimental results were used to validate the prediction results.
Analytical study of the effect of mixed-water
The experimental results obtained from the effect of mixed-water in oil were used to
adapt Archard’s wear coefficient to the tribocorrosive conditions. The new wear
model considering the effect of water was implemented into the previously-reported
numerical model to develop a new semi-deterministic numerical wear model adapted
to the tribo-corrosion system in this section (See Section 7.4). The key observations
can be summarised as shown below:
1. Two different numerical approaches were used to test the model and also
represent the effect of water in wear of the system. With respect to the first
approach, tribocorrosive wear can be predicted by modifying the Archard’s
146
wear coefficient. The modification parameter (Ψ) increases by increasing the 
water concentration. The simulation wear results show good agreement with
the experimental wear measurements.
2. It is concluded in this work that once the characteristics of the tribofilm growth
are captured, the model is capable of predicting tribocorrosive wear in
boundary lubrication regime.
Analytical study of the effect of relative humidity
Relative humidity and its effects on tribochemistry and wear of boundary lubricated
systems was examined experimentally in Chapter 6. In the current study the tribofilm
thickness and wear results obtained experimentally are used to develop a semi-
deterministic approach to implement the effect of humidity in wear prediction of
boundary lubrication for the first time.
A semi-analytical approach was applied to model the effect of relative humidity on
tribofilm growth and wear in boundary lubricated system in presence of ZDDP as an
anti-wear additive (See Section 7.5). Two approaches were employed to implement
the effect of relative humidity in predictive wear model and the following
observations can be drawn:
1. In regards to the first approach, Archard’s wear coefficient is semi-
deterministically obtained for different levels of relative humidity from the
simulations. This can lead to the modification of Archard’s wear equation with
a modification factor of φ. This approach can be used by designers of
tribological parts to take in to account the effect of humid environment on the
durability.
2. In addition, the modification factor φ is increasing while the humidity
increases.
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3. The second numerical approach was applied to consider the effect of humidity
on the tribofilm growth and the corresponding wear behaviour in boundary
lubrication. It is shown that successfully capturing the tribofilm growth
behaviour leads to predicting the tribochemical wear in boundary lubricated
conditions.
4. It was the effect of relative humidity on tribofilm growth behaviour and wear
is different from the effect of mixed-water in the oil which was the subject of
a recent study by the authors. In the latter case, the maximum film thickness
was found the same for different levels of water concentration while the
tribofilm growth rate found to be significantly affected which led to different
wear rates in running-in stage. In the case of relative humidity, the maximum
film thickness is influenced considerably.
5. Calibration of the numerical-tribochemical model suggests a linear variation
of ℎ௠ ௔௫ (maximum tribofilm formation) with relative humidity and the result
is a modification to the tribochemical model to adapt it to the tribocorrosion
conditions in humid environment.
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Investigation into the Durability of the
Tribofilm Formed by Zinc Dialkyl Dithiophosphate
Introduction
Understanding the true interfacial mechanisms of the growth of the tribofilms
generated by Zinc Dialkyl Dithiophosphate (ZDDP) is important because it is the most
widely used anti-wear additive and there is legislative pressure to find efficient
environmentally-friendly replacements. The main focus of this chapter is to
investigate the durability of the ZDDP tribofilm and correlate it to the chemical
properties of the glassy polyphosphates. The effect of parameters such as temperature
and load on tribofilm formation and its durability has been studied experimentally by
using a Mini Traction Machine (MTM) with the Spacer Layer Interferometry Method
(SLIM) attachment.
The role of additive depletion on the pre-formed tribofilm thickness under mechanical
stress has also been studied. Results show that physical parameters such as
temperature and pressure significantly influence the tribofilm. XPS analyses were
carried out before suspending the test and after changing the oil to assess the
difference in chemical structure of the tribofilm before and after stopping the test. The
chemical analyses suggest that there are different chemical properties across the
thickness of the tribofilm and these determine the durability characteristics. Tribofilm
durability so far has not been studied extensively. The experimental results in this
study, show for the first time that running conditions do not affect only the formation
of the tribofilm but also its durability and as such it should be considered in the
tribochemical studies of such additives.
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Tribofilm evolution
To investigate the tribofilm durability throughout the time, oil was replaced at two
different stages; early stage and late stage. Figure 8-1 illustrates the two stages in
which the oil was replaced. In the early stage, the oil was changed after 25 minutes of
starting the experiment whereas in the late stage, oil was replaced after 3 hrs of
running the test. In both cases, two different experiments were conducted. Firstly oil
was replaced by a fresh ZDDP containing oil and secondly by base oil. The growth of
the tribofilm for these two different points is reported in the next section as well as
the chemistry of the tribofilm formed on the surfaces.
Early stage tribofilm durability
The results of the tribofilm thickness measurements for the early stage oil replacement
experiments are shown in Figure 8-2. It can be seen that if the lubricating oil is
replaced by a fresh oil containing ZDDP, the tribofilm growth behaviour is not
affected significantly by stopping the experiment and starting it again. There is a small
drop in the thickness of the tribofilm due to the mechanical action. When the oil is
replaced by base oil, there is a larger drop in the thickness of the tribofilm. These two
experiments confirm that tribofilm thickness reduces because of the mechanical
action.
Once the uppermost layer is removed, the tribofilm is durable and the thickness does
not change. It should be noted that the drop in the thickness of the tribofilm is an
instantaneous drop. It means that the top soft layer of the tribofilm is removed in the
first few load cycles after replacing the oil. It can also be related to the chemical
properties of the top and bottom part of the glassy polyphosphates tribofilm formed
on the surface.
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Figure 8-1 Schematic represensetive of two different stages of replacing the oil.
Early stage after 25 minutes and late stage at 180 minutes.
Figure 8-2 Tribofilm thickness results for the early stage durability test
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Late stage tribofilm durability
It was reported previously that long chain polyphosphates convert to shorter chain
polyphosphates due to rubbing (95). The tribofilm evolution experiments were
conducted with the same experimental configuration and the oil was replaced by base
oil after 180 minutes of starting the test. The tribofilm growth results are plotted in
Figure 8-3. Results suggest that lower reduction in the thickness of tribofilm occurs
when the oil is exchanged after 3 hours than after 25 minutes. It is clear that the
tribofilm is more resistant to rubbing and only a few nanometres of the film are
removed. These results are in agreement with the reports of Refs (93, 104) that report
a durable ZDDP tribofilm once fully formed. XPS analysis was carried out to
differentiate the chemical properties of the tribofilm formed on the surfaces at two
different stages and the results are reported in Section 8.3.2.
Figure 8-3 Tribofilm thickness results for the late stage durability test
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Multiple replacement
This experiment was designed to assess whether when a tribofilm partially removed
by rubbing in an oil without ZDDP can be replenished when the ZDDP is
subsequently replenished. The oil was changed to base oil after 25 minutes of starting
the test and the base oil was replaced again by a fresh ZDDP after 1hour of starting
the test and the results are shown in Figure 8-4.
Figure 8-4 Tribofilm thickness results for adding fresh ZDDP to the base oil
Results show that replacement of ZDDP in oil leads to continued growth of the
tribofilm, the rate being slower than for a fresh clean surface. XPS analysis was
carried out at different times of these experiments to correlate the chemistry of the
tribofilm and the different layers.
Chemistry of tribofilms
For the above-mentioned experiments in Section 8.2 XPS analysis was conducted at
the time of replacing the oil and at the end of each experiment. The oxygen and
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phosphorus peaks are plotted, to primarily identify the chain length for the glassy
polyphosphates in the tribofilm. The ratio of bridging oxygen to non-bridging oxygen
in the polyphosphate glass was calculated by dividing the intensity of BO and NBO
peaks obtained from XPS analysis. This approach has been extensively used in
literature (176-184). Also the binding energy difference between the Zn3s and P2p
peaks in the XPS spectra was used to give complementary information. The XPS
analysis results for different experimental cases of Section 8.2 are reported in the
following sections (204).
Early stage oil replacement
The BO/NBO ratio for the case of replacing the oil by base oil at 25 minutes of starting
the test is identified as 0.31 at the end of the experiment (see Figure 8-5). According
to the refs (95, 98), in this case the composition of the tribofilm is zinc pyrophosphate.
This value is calculated to be 0.51 when the oil was replaced by a fresh ZDDP-
containing oil (point C1 in Figure 8-2) and the tribofilm is mainly composed of
metaphosphates (see Figure 8-6). The results suggest that the tribofilm consists of
shorter chain polyphosphates in the case that oil was replaced by base oil. The
tribofilm in this case is more durable and not easy to be removed. The BO/NBO ratio
before replacing the oil was obtained as 0.47 ( Point A1 Figure 8-2) which shows a
long chain polyphosphate in the tribofilm (metaphosphate) (98). Calculation of the
binding energy difference between Zn3s-P2p3/2 peaks shows the same trend in
identifying the chain length. The above mentioned results can be found in Table 8-1.
Zn3s-P2p3/2 binding energy difference increases when the tribofilm composition
varies from metaphosphate (longer) to orthophosphate (shorter). (As shown in
Chapter 3 and Figure 3-10).
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Figure 8-5 High resolution X-Ray Photoelectron Spectroscopy spectra for
ZDDP tribofilm formed at the end of the test when the oil was replaced by
base oil a) O1s b) Zn3s, P2p (Point C2 in Figure 8-2)
Figure 8-6 High resolution X-Ray Photoelectron Spectroscopy spectra for
ZDDP tribofilm formed at the end of the test when the oil was replaced
by fresh ZDDP a) O1s b) Zn3s, P2p (Point C1 in Figure 8-2)
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Table 8-1 BO/NBO ratios and the difference between Zn3s and P2p peaks.
Tribofilm thickness at points A1, C2 and C1 is shown Figure 8-2.
Late stage oil replacement
The BO/NBO ratio and binding energy difference between Zn3s and P2p are
calculated as 0.21 and 6.97 (eV) respectively (see Figure 8-7) for the case of replacing
the oil at 3 hours of starting the test (point C4 in Figure 8-3). The zinc polyphosphates
composition can be recognised as pyrophosphate (short chain). These values are 0.23
(pyrophosphate) and 6.92 (eV) when the oil was not replaced (point C3 in Figure 8-3)
by base oil (see Table 8-2 and Figure 8-8). It suggests that short chain polyphosphates
are present in the tribofilm. Comparing the chemical structure of the tribofilm when
oil replaced after 25 minutes of the experiments and 3 hours with the same conditions
shows that rubbing affects the structure and tribofilm contains more short chain
polyphosphates at longer time of rubbing. Results are in agreement with the reports
of literature (194). The comparison between the experiments while the oil was
Test Both tests ZDDP
changed with
base oil
ZDDP changed with
fresh ZDDP
Before
changing the
oil (Point A1)
End of the
test
(Point C2)
End of the test
(Point C1)
BO/NBO ratio 0.47 0.31 0.51
Zn3s – P2p binding
energy difference (eV)
6.57 6.70 6.4
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exchanged after 25 minutes of rubbing with the one after 3 hours of rubbing suggests
that more tribofilm loss happens in the former and it can be related to the chemical
structure of the tribofilm.
Figure 8-7 High resolution X-Ray Photoelectron Spectroscopy spectra for ZDDP
tribofilm formed at the end of the 4hrs test when the oil was replaced with
base oil at 3 hrs a) O1s b) Zn3s, P2p (Point C4 in Figure 8-3)
Figure 8-8 High resolution X-Ray Photoelectron Spectroscopy spectra for
ZDDP tribofilm formed at the end of the 4hrs test without replacing the
oil a) O1s b) Zn3s, P2p (Point C3 in Figure 8-3)
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Table 8-2 BO/NBO ratio. Tribofilm thickness at points C4 and C 3 is shown in
Figure 8-3.
Multiple replacement
For the multi replacement experiments (Figure 8-4) in which the oil was replaced
twice, XPS was carried out at the end of the experiment to compare it with the first
test and the results are shown in Figure 8-9 and Figure 8-10.
Results for BO/NBO ratio and binding energy difference between Zn3s and P2p are
reported in Table 8-3. The value of BO/NBO ratio was 0.51 (metaphosphate) in case
of ZDDP replaced by fresh ZDDP (point C1 in Figure 8-2) and 0.62 (metaphosphate)
when ZDDP changed with base oil and then replaced by fresh ZDDP again (C5 in
Figure 8-4). It has also been shown in the literature that unreacted ZDDP can be
replenished in the contact areas and reform glassy polyphosphates (85). The
difference in the values of binding energy (eV) between Zn3s and P2p was 6.4 (point
C1 in Figure 8-2) and 6.32 (point C5 in Figure 8-4), respectively.
Test ZDDP changed with base
oil
at 3 hrs
Without changing the
oil
End of the test
(Point C4)
End of the test
(Point C3)
BO/NBO ratio 0.21 0.23
Zn3s – P2p binding
energy difference (eV)
6.97 6.92
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Figure 8-9 High resolution X-Ray Photoelectron Spectroscopy spectra for
ZDDP tribofilm formed at the end of the test when the oil was replaced
by base oil a) O1s b) Zn3s, P2p (Point C6 Figure 8-4)
Figure 8-10 High resolution X-Ray Photoelectron Spectroscopy spectra for
ZDDP tribofilm formed at the end of the test when the oil was replaced
by base oil and then with ZDDP a) O1s b) Zn3s, P2p (Point C5 Figure
8-4)
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Table 8-3 BO/NBO ratios and the difference between Zn3s and P2p peaks.
Tribofilm thickness at points A2, C5 and C 6 is shown in Figure 8-4.
It can be interpreted from the values that longer chain polyphosphates are present in
the tribofilm before exchanging the oil when the tribofilm is relatively thick. Once the
oil is exchanged and the tribofilm is partially removed, it is mainly consisting of
shorter chain polyphosphates. It has been shown that the mechanical properties and
chemistry of the ZDDP tribofilm varies from bulk to the surface (81, 85, 86, 95, 195).
This suggests that different chemistries can be correlated for mechanical properties of
the film. Comparison between the two experiments shows that while the tribofilm
forms again in the presence of the fresh ZDDP, more of longer chain polyphosphates
are detected at the end of the experiment.
Test Both tests ZDDP
changed with
base oil
ZDDP changed with
base oil and then
changed with fresh
ZDDP
Before
changing the
oil (Point A2)
End of the
test
(Point C6)
End of the test
(Point C5)
BO/NBO ratio 0.47 0.31 0.62
Zn3s – P2p binding
energy difference (eV)
6.57 6.70 6.32
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Effect of temperature
Temperature is reported to affect the tribological performance of ZDDP (162, 196).
To study the effect of temperature on the durability of the tribofilm, tribological tests
were carried out with the same conditions to form the tribofilm on the surfaces. The
tests were stopped after 25 minutes and the temperature was changed when the oil
was replaced by base oil to see the effect of temperature on the tribofilm durability.
The tribofilm thickness was measured for four different temperatures after the
suspension. Figure 8-11 demonstrates the tribofilm thickness measurements for
different temperatures. It should be noted that the temperature is the same for all the
tests before the suspension to form similar tribofilm and then it is changed at the time
of the suspension.
The amount of tribofilm removed at different temperatures in terms of the reduction
in the thickness is reported in Figure 8-12. It can be seen that the removal of the
tribofilm is almost changing linearly with the oil bulk temperature. One would say
these changes in the temperature can change the severity of the contact due to the
effect of temperature on the viscosity of the oil. Smaller λ ratio for higher temperature 
might result in more tribofilm removal. For this reason, λ ratio was calculated for all 
four temperatures. It was observed that λ ratio varies between 0.03 and 0.06 for all 
these temperatures. All these conditions are severe and the ratio is small enough to be
in boundary lubrication. Therefore the chemical properties of the tribofilms were
analysed using XPS to see a correlation between the chemical characteristic of the
film and the observed tribofilm durability.
Based on the results from Figure 8-11, there is a more prominent mechanism to
support the fact that the higher temperature results in the higher reduction in the
tribofilm thickness after changing the oil to base oil (oil B). Increasing the temperature
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can affect the mechanical properties of the tribofilm. Interpreting the results for
different temperatures revealed that the higher temperatures lead to a significant
decrease in hardness of the tribofilm and therefore plastic flow of the tribofilm
increases. Due to the lower hardness and higher plastic flow, more indentation occurs
into the depth of the tribofilm and more tribofilm thickness reduction is observed.
Results are in agreement with the previous study of the temperature effects on the
mechanical properties of ZDDP (90, 197).
Chemistry of the tribofilm
XPS is reported for the highest temperature for comparison reasons. The XPS was
conducted before suspending the test, after 1 minute rubbing when the oil is changed
and finally at the end of each experiment. The Oxygen and phosphorus peaks are
reported in Figure 8-13, Figure 8-14 and Figure 8-15 for three different points shown
in Figure 8-11. The intensity ratio of BO to NBO is reported in Table 8-4 as well as
the binding energy difference for Zn3s and P2p. The results in Table 8-4 show that
before suspending the test, the BO/NBO ratio is 0.47 (Point A3 in Figure 8-11) and
the difference in binding energy for Zn3s and P2p is 6.57.
This suggests that the tribofilm contains longer chain polyphosphates and mainly
contains zinc metaphosphates (95, 98). After the suspension of the test and once the
oil is replaced, the softer top part of the tribofilm (consisting of long chain
polyphosphates) is removed. This is also shown by XPS that the shorter chain
polyphosphate (pyrophosphates) present in the tribofilm after the removal (Point B1
in Figure 8-11) (BO/NBO ratio of 0.19 and Δ (Zn3s, P2p) of 6.76 eV). Once the 
tribofilm is again formed for the case of 140 C, longer chain polyphosphates are
present in the tribofilm at the end of the experiments (Point C8 in Figure 8-11) where
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XPS analysis shows a BO/NBO ratio of 0.30 and binding energy difference of 6.70
eV for Zn3s and P2p (polyphosphate).
The XPS results show that the top part of the tribofilm contains mainly the longer
chain polyphosphates which can be removed easier than the shorter chain
polyphosphates in the bulk of the tribofilm. The comparison between experiments for
80oC and 140oC shows that longer chain polyphosphates are present when tribofilm
is removed in the case of 80oC compared to the 140oC. The removal of the tribofilm
is more for the case of 140oC and XPS results confirm that shorter chain
polyphosphates are present in depth of the tribofilm once it is removed. The difference
between the binding energy for Zn3s and P2p also confirms the above mentioned
observations (See Table 8-4 ).
Figure 8-11 Tribofilm thickness results and removal behaviour for different
temperatures after suspending the test
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Figure 8-12 Tribofilm thickness reduction for different temperatures after one
minute of rubbing when the oil is changed with base oil
The comparison between tribofilm growth results of Figure 8-11 suggests that
increasing the temperature after replacing the oil results in more removal of the
tribofilm. In addition XPS analysis results confirm that the top part of the tribofilm
contains mainly longer chain polyphosphates than the bulk (81, 85, 86, 95, 195). It
can be interpreted that higher temperature can result in changes in the structure of the
tribofilm thus changing the mechanical properties of the glassy phosphates. The
changes in the chemical and mechanical properties of the tribofilm due to changes in
the temperature can be the reason for the different removal behaviour of the tribofilm.
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Figure 8-13 High resolution X-Ray Photoelectron Spectroscopy (XPS)
spectra for ZDDP tribofilm formed before suspending the test at 140oC
a) O1s b) Zn3s, P2p (Point A3 in Figure 8-11)
Figure 8-14 High resolution X-Ray Photoelectron Spectroscopy (XPS)
spectra for ZDDP tribofilm formed after suspending the test at 140oC a)
O1s b) Zn3s, P2p (Point B1 in Figure 8-11)
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Figure 8-15 High resolution X-Ray Photoelectron Spectroscopy (XPS)
spectra for ZDDP tribofilm formed at the end of the test at 140oC a)
O1s b) Zn3s, P2p (Point C8 in Figure 8-11)
Table 8-4 BO/NBO ratios and the difference between Zn3s and P2p peaks.
Tribofilm thickness at points A3, B1 and C 8 is shown in Figure 8-11.
Test 140oC
Before suspension
(Point A3)
After suspension
(Point B1)
End of the test
(Point C8)
BO/NBO ratio 0.47 0.19 0.30
Zn3s – P2p binding
energy difference (eV)
6.57 6.76 6.70
Effect of load
One important parameter in the mechanical action of removing any material is the
load applied on the surfaces. The load affects the penetration depth into the material
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and is responsible for the stress fields on the surface. Therefore it is reasonable to see
the effect of load on the durability of the tribofilm. Similar to the experiments for the
temperature, the tribological tests were conducted with the same conditions to form
the tribofilm on the surfaces and the tests were stopped after 25 minutes. Four different
loads were then applied after the suspension and images were taken after 1 minute of
rubbing with the sequence of every 5 minutes. Figure 8-16 shows the results of the
tribofilm thickness evolution for different loads. Higher load results in more thickness
reduction of the tribofilm and this variation is plotted in Figure 8-17. Not surprisingly,
reduction in thickness of the tribofilm is also linear with the applied load. Similar to
the temperature, variation of load may result in changes in the severity of the contact.
For this purpose λ ratios have been calculated for all four loads and all the results are 
very close to 0.04. It shows that variation of loads from 30N to 75N does not change
the severity of the contact significantly.
One important parameter in study of the boundary lubrication systems is the flash
temperature due to the surface contacts. For this reason, flash temperature was
calculated for different applied loads in this work (see Figure 8-18). According to
Kennedy et al (198), flash temperature can be calculated from Equation 8-1.
∆ ௠ܶ ௔௫ ≈
2ܾܳ
ܭඥߨ(1 + ܲ )݁ ≈ 1.122ܾܳܭ 8-1
Where b is the width of the contact and ܭ = ௞
ఘ஼
is the thermal diffusivity (݇ is the
thermal conductivity, ߩ is the density and C is the specific heat). Pe is the Peclet
number. Q is the frictional heating (199) at the contact interface and is calculated from
Equation 8-2.
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ܳ = μܸܲ 8-2
In which μ,ܲand ܸ are the coefficient of friction, contact pressure and the relative
sliding speed between surfaces respectively. Results showed that flash temperature is
not significantly increased by load. This is because of the slight difference in the
Hertzian contact pressure on the surfaces. The maximum contact pressure is
calculated to be 1 GPa and 1.3 GPa for the loads of 30N and 75 N respectively. These
pressures result in the flash temperature rise of around 12oC-14oC. This suggests that
the changes in thickness due to the different applied load is not because of variation
of the flash temperature at these loads. For further investigations, the shear stress was
calculated for different loads and is plotted in Figure 8-18. Higher loads lead to the
higher shear stress in both substrate and tribofilm and it can affect the material
removal of the tribofilm. It is also shown by Archard (130) that that the material
removal is proportional to the real area of contact and load.
Figure 8-16 Tribofilm thickness results and removal behaviour for different
loads after suspending the test
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Figure 8-17 Tribofilm thickness reduction for different loads after one minute
of rubbing when the oil is changed with base oil
Figure 8-18 Effect of load on the flash temperature rise and the maximum
shear stress on the surfaces
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Chemistry of the tribofilm
Analyses were carried out at three different times on the samples to see the change of
the chemical structure of the tribofilm and the effect of load on its variations. The
intensity ratio of BO to NBO as well as the difference between Zn3s and P2p are
reported in Table 8-5 for different positions of Figure 8-16.
The results show that BO/NBO is 0.47 and the binding energy difference for Zn3s and
P2p is 6.57 eV before suspending the oil (Point A4 in Figure 8-16), therefore longer
chain polyphosphates (metaphosphates) are present in the tribofilm. BO/NBO ratio is
0.29 (Point B3 in Figure 8-16) and the binding energy difference for Zn3s and P2p is
6.6 which suggest that the shorter chains (pyrophosphates) are present after the
removal of the top layer of the tribofilm when the oil is replaced with base oil. The
chain length at the end of the experiments is almost the same as the chain length after
the removal process.
The comparison between high load and low load suggests that when the tribofilm is
more removed for the case of higher load, there are shorter chain polyphosphates
present in its bulk after the removal. Therefore higher load is able to remove more
durable glassy phosphates in the bulk of the tribofilm and this behaviour is very
similar to the temperature effect on the removal of the tribofilm. For the temperature,
it is more reasonable that temperature changes the structure of the tribofilm therefore
changing its durability and removal behaviour. On the other hand higher load results
in more shear stress applied on the tribofilm which can lead to more removal of the
film.
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Table 8-5 BO/NBO ratios and the difference between Zn3s and P2p peaks.
Tribofilm thickness at points A4, B3, C 9 and C10 is shown in Figure 8-16.
Effect of water
It is reported that water can affect tribochemistry and therefore wear of the tribosystem
(110, 200). ZDDP tribofilm thickness in two different levels of water concentration
in oil has been plotted in Figure 8-19 and Figure 8-20.
Figure 8-19 indicates that the higher water concentration leads to a lower tribofilm
growth rate. It might be because of the effect of water in delaying the tribofilm
formation due to the fact that water molecules prevent ZDDP to access the substrate.
Another scenario can be delaying the decomposition of the ZDDP on the surface to
form the tribofilm (200). It can be seen from the results that water does not
significantly affect steady state tribofilm thickness at higher temperature (100oC). One
reason for this could be the evaporation of water at higher temperature compared to
the lower temperature (80oC). Two experiments were carried out to investigate the
synergism effect between temperature and water at 80o C for two different water
concentrations.
Test 75 N 30 N
Before
suspension
(Point A4)
After
suspension
(Point B3)
End of the
test
(Point C10)
End of the test
(Point C9)
BO/NBO ratio 0.47 0.29 0.27 0.45
Zn3s – P2p binding
energy difference (eV)
6.57 6.6 6.58 6.54
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Figure 8-19 Tribofilm thickness results for ZDDP with different water contents
at 100oC
Figure 8-20 Tribofilm thickness results for ZDDP with different water
concentrations at 80oC
Figure 8-20 illustrates that water plays a significant role in both formation and
removal of the tribofilm at lower temperature (80oC). This figure suggests that water
can affect the mechanical properties of the tribofilm especially at lower temperature
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(less than the evaporation temperature) because of the depolymerisation of the
polyphosphate chain to shorter chain (200). Water delays the growth rate of the
tribofilm at 80oC compared to 100oC. The observed results at 80oC show that the
higher water concentration results in the higher removal of the tribofilm and tribofilm
thickness reaches to the first few nanometre in the bulk of the tribofilm which consists
of shorter chain polyphosphates (86).
The results of Figure 8-20 suggest that water can affect the chemical structure of the
tribofilm and makes it weaker and easy to be removed. The tribofilm was
characterized by XPS in the case of 80oC when the thickness was reduced to very low
values. Results for oxygen and phosphorus peaks are reported in Figure 8-21 and
BO/NBO ratio and the difference in binding energy for Zn3s and P2p peaks are
reported in Table 8-6.
Figure 8-21 High resolution X-Ray Photoelectron Spectroscopy (XPS) spectra
for ZDDP tribofilm formed at the end of the test for 3wt% water in oil at
80oC a) O1s b) Zn3s, P2p (Point C7 in Figure 8-20)
The BO/NBO ratio and binding energy difference between Zn3s and P2p are
calculated as 0.35 and 6.7 (eV) respectively. It suggests that the tribofilm mainly
consists of pyrophosphates. Interpreting the results suggest that tribofilm contains
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short polyphosphates with high amount of iron oxides and sulphides and high amount
of zinc.
Table 8-6 BO/NBO ratios and the difference between Zn3s and P2p peaks.
Tribofilm thickness at point C 7 is shown in Figure 8-20.
Wear
To investigate the correlation between tribofilm formation/durability behaviour and
wear of the system, wear measurements were carried out along with thickness
measurements and chemical analysis of XPS. Wear was measured for two sets of
experiments reported in Section 8.2.1 and Section 8.2.3 and different points were
chosen systematically to be able to find out the role of tribofilm and its effect on wear.
Wear was measured at two different points for each experiment, one immediately after
replacing the oil and one at the end of each experiment. The measurement points are
schematically shown in Figure 8-22. An examples of 3D-profilometry images for two
different points at the end of the experiments are demonstrated in Figure 8-23.
Average wear depth (Figure 8-24) is a good representative for evaluation of wear on
ball samples of MTM. For this reason, average wear depth was calculated at four
Test 80oC
3wt% water
End of the test
(Point C7)
BO/NBO ratio 0.28
Zn3s – P2p binding
energy difference (eV)
6.7
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different points on the wear track of the balls to obtain a more accurate wear
assessment and each experiments was repeated two times.
Figure 8-22 Schematic of the wear measurement points in the case of ZDDP
replaced by fresh ZDDP and ZDDP replaced by base oil
Point 1 Point 2
Figure 8-23 3D-profilometry images taken at the end of experiments
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Figure 8-24 a) 2D-profilometry image of the ball for point 2 b) the average wear
depth calculation
Table 8-7 Average wear depth measurement results
Measurement point Average wear depth measurement
(nm)
Point 1 216
Point 2 104
Point 3 96
a
b
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The average wear depth results are reported in Table 8-7 for the first set of
experiments. It was hypothesized recently (107, 109, 156, 201) that wear can happen
because of the removal of substrate atoms present in the tribofilm due to different
tribochemical phenomena and the dynamic loss of material within the tribofilm
throughout the growth on the contacting asperities. The results suggest that the
dynamic tribofilm thickness reduction does not occur when the formation is not
happening. The remaining tribofilm on the surface is a durable layer and it was
confirmed by means of XPS presented in 8.3 which shows that the remaining tribofilm
consists of shorter chain poly phosphates.
Results in Table 8-7 illustrate that lower wear occurs at point 2 which is the end of
the experiments when the ZDDP containing oil was changed with base oil in compare
to point 1 which is the end point of the test when the oil was replaced by fresh ZDDP.
For the case of the fresh ZDDP the tribofilm started to grow after replacing the oil
which means that tribofilm removal is likely to happen at the same time as the
formation. On the other hand when the oil was replaced by the base oil , top layers of
the tribofilm is immediately removed and the more durable part of the tribofilm still
remains on the surface. No more removal was observed because no more formation
of the tribofilm occurs. The comparison between these two points indicates that the
higher wear takes place when the tribofilm formation and removal happens at the same
time. For the case that ZDDP containing oil was changed with the base oil, significant
reduction in the wear of the system has been observed.
To investigate the effect of formation/durability on the wear of the system specifically,
wear measurements were conducted with the same approach for the second set of
experiments reported in Section 8.2.3. In this case, first the ZDDP containing oil was
replaced by base oil after 25 minutes of starting the test for both experiments and then
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for one of the experiments base oil was changed with fresh ZDDP after 1 hour of
starting the test. The wear results for different points reported in Table 8-8 shows the
same behaviour as the previous set of experiments mentioned above. The comparison
between point 1 from first set of experiment and point 1 from the second set of
experiments shows that higher wear happens for the first set of experiment. For the
first set of experiments (Figure 8-22 ), the dynamic formation and removal of the
tribofilm starts from the beginning of replacing the oil up to the end of the experiment.
On the other hand, for the second one (Figure 8-25), the formation and removal starts
when the base oil is replaced by fresh ZDDP at 60 minutes. Hence, more formation
and removal is happening for the case 1 and that is where more wear is observed. It
supports the fact that dynamic formation and removal of the tribofilm plays a
significant role in wear of the system.
Figure 8-25 Schematic of the wear measurement points in the case of ZDDP
replaced by base oil and then fresh ZDDP and ZDDP replaced by only
base oil
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Point 1
Point 2
Figure 8-26 3D-profilometry images taken at the end of experiments
Table 8-8 Average wear depth measurement results
Measurement point Average wear depth measurement
(nm)
Point 1 192
Point 2 104.6
Point 3 98.4
Summary
The main focus of this study is to investigate the durability of the ZDDP tribofilm and
correlate it to the chemical properties of the glassy polyphosphates. The effect of
parameters such as temperature and load on tribofilm formation and its durability has
been studied experimentally by using a Mini Traction Machine (MTM) with the
Spacer Layer Interferometry Method (SLIM) attachment. Tribofilm durability so far
has not been studied extensively. The experimental results in this paper, show for the
first time that running conditions do not affect only the formation of the tribofilm but
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also its durability and as such it should be considered in the tribochemical studies of
such additives. A methodology for studying the mechanical and chemical aspects of
the durability of the tribofilm derived from ZDDP antiwear additive is reported for
the first time in this work. The following conclusions can be drawn:
1. The dynamic growth of the tribofilm on the contacting asperities is important
for the antiwear mechanism of ZDDP on steel surfaces.
2. The experiments suggest that chemical characteristics and durability of ZDDP
tribofilm evolves in time. The results from XPS confirm that longer chain
polyphosphates convert to shorter chains when rubbing occurs and tribofilm
changes its structure. These changes in the structure are responsible for the
increase in the durability of the tribofilm. When the oil was replaced at 25
minutes, the tribofilm mainly consisted of metaphosphates while the structure
moved towards containing more pyrophosphates after 3 hrs.
3. ZDDP tribofilm is less durable in the early stages of tribofilm formation. The
durability of the ZDDP tribofilm is different at different stages of tribofilm
evolution.
4. Physical parameters such as temperature and load significantly affect the
resistance of the film to the mechanical rubbing.
5. It was observed that temperature can significantly affect the structure of the
glassy polyphosphates in a way that the same applied load can remove more
glassy polyphosphates at higher temperature. The structure of the ZDDP
tribofilm evaluated by XPS shows that shorter chain polyphosphates
(pyrophosphates) are found on the tribofilm when a high amount of tribofilm
thickness reduction occurred. In contrast, relatively longer chain
polyphosphates were found when the applied temperature was low and a
relatively lower amount of tribofilm was removed.
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Table 8-9 Summary of the changes in tribofilm characteristics
Changes in
tribofilm
characteristics
using PAO+ZDDP
in rolling/sliding
conditions
PAO+ZDDP replaced by PAO/ Temperature, load and
water contents changed
Early
stage
Late
stage
Temperature
increases
Load
increases
Water
content
increases
Phosphate chain
length decided by
BO/NBO ratio and
Zn3S-P2P3/2 distance
Not
changed
Reaction layer
thickness Not
changed
Durability of the
tribofilm
Wear
------- ------- ------- -------
6. Variations in the temperature in this study affect the viscosity of the oil but the
calculations of the severity of the contact and λ ratio is not significant. 
7. Higher lubricant temperature changes the structure of the glassy
polyphosphates which results in higher tribofilm removal once tested in base
oil. This observation was supported by XPS and different chain lengths of
polyphosphates were found at different depths of the tribofilm.
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8. Not surprisingly, higher load results in higher tribofilm thickness reduction
and this variation is almost linear. The flash temperature was calculated for
different applied loads. It was found that the flash temperature is not varying
significantly by the applied load due to the small differences in the maximum
Hertzian contact pressures.
A summary of the effect of different parameters such as rubbing time,
temperature, load and water on tribofilm characteristics and durability of the
tribofilm shown in Table 8-9.
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Overall Discussion
The aim of this chapter is to present the overall discussion derived from this study.
This chapter discusses the effect of water and humidity on the tribological and
mechanical properties of ZDDP tribofilms as well as it investigates the durability of
these anti-wear films. In addition, a detailed discussion is provided on the surface
chemistry, properties and composition of ZDDP reaction layer followed by analytical
study of the effect of water on the tribofilm formation and wear of the system. This
chapter is divided into five sections. Section one discusses the effect of water on
ZDDP anti-wear reaction layer and its effect on the tribological performance. Section
two examines the humidity effects on the characteristics of ZDDP tribofilm and its
effect on wear performance. Section three provides analytical study of the effect of
water on the tribofilm growth. The proposed model was used to correlate the growth
to wear performance. Finally, section four investigates the interfacial mechanisms of
ZDDP tribofilms considering their durability, chemical composition and other
mechanical properties and chemical composition.
Water effect on tribochemistry and mechanical wear
As discussed in Chapter 5, the higher water concentration leads to higher wear in the
system for both 80oC and 100oC temperatures. This can be attributed to the effect of
water contents on the mechanical and chemical properties of ZDDP tribofilms and its
effect on the wear performance. It is also reported in Figure 5-4 that higher
temperature leads to the higher tribofilm thickness and it is in line with the results
Fujita et al. (104) published previously regarding ZDDP antiwear formation and
removal. They proposed that both the tribofilm growth and steady state tribofilm
thickness increase with temperature. For comparison purposes, the steady-state
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tribofilm thickness is plotted against the measured wear depth for both temperatures
in Figure 5-5. The lower tribofilm growth rate was observed at high water
concentration (Figure 5-2 and Figure 5-3) for both temperatures and this effect is
prominent at lower temperature.
The only difference is that the effect of water on the tribofilm growth is clearly
distinguishable at lower temperature indicating the effect of water on the growth of
the tribofilm at 80oC is more significant than 100oC. Water led to a significant
decrease in the growth rate especially in the running-in period. Figure 9-1 shows that
water contents dramatically drops after 20 minutes of starting the test due to water
evaporation for 3% water concentration at 80oC. It confirms that more water is present
in the oil during running-in period for both temperatures. It seems that the higher water
concentration present in the oil in running-in period delays the tribofilm formation.
This reduction in the growth rate of the tribofilm is more notable at lower temperature
due to higher water content in the oil. Figure 9-1 also illustrates that the tribofilm
growth rate accelerates once water evaporates from the oil after 25 minutes of rubbing.
Figure 9-1 Water concentration evolution and tribofilm thickness over 2 hrs
rubbing time for 3% water concentration at 80oC
0 20 40 60 80 100 120
0
10000
20000
30000
40000
Water Concentration 80oC
Tribofilm evolution 80oC
Time (min)
W
at
er
C
on
te
nt
(p
pm
)
0
25
50
75
100
125
150
175
Tr
ib
of
ilm
Th
ic
kn
es
s(
nm
)
184
One of the possible mechanisms of the delay in the tribofilm growth can be that ZDDP
molecules are surrounded by water molecules and thus are prevented from reacting
with the surface. This leads to the lower tribofilm growth rate at the beginning. The
reduction in the growth rate can noticeably affect the wear process due to the fact that
the running-in period plays a significant role in this process. These results are in
agreement with the works published by Lancaster (53) and Cen (60). Steady state
tribofilm thickness is also affected by water concentration in the oil; the more water
concentration the less the tribofilm thickness. It supports the fact that water not only
delays the tribofilm formation but also significantly alter the mechanical properties
and structure of the ZDDP anti-wear layer. The tribofilm formed in the presence of
water seems to be less durable in comparison with the tribofilm formed in the absence
of water. This results show that water significantly affects the tribochemistry and
chemical composition of zinc polyphosphates.
According to the XPS results shown in Figure 9-9 and Figure 9-10, water molecules
can depolymerise longer chain polyphosphates into shorter ones and alter the structure
of ZDDP tribofilm. This indicates that presence of water in oil could in fact accelerate
the depolymerisation of longer polyphosphate chains into shorter ones. The results are
in line with the previous research by Nedelcu et al. (174) and Cen et al (60). In
addition, water seems to change the atomic concentration of O, P and S as well. This
could also show that water not only affect the chain length of phosphate species but
also alter the chemical bonds. The ratio of BO/NBO also suggests that shorter chain
polyphosphates found in the presence of water (see Figure 9-9).It can be summarised
that the tribofilm thickness in steady-state condition is not a good representative of
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the wear behaviour of the system. However other important physical, chemical and
mechanical parameters are involved.
Humidity effects on tribochemistry and mechanical wear
The effect of relative humidity on oil, tribofilm characteristics and composition and
its effect on wear performance were discussed in Chapter 6. It was observed that water
concentration dramatically increases at higher values of humidity at 80oC and the
same trend was observed for 98oC (Figure 6-1). The comparison between the two
temperatures of 80oC and 98oC confirms that the level of water content is reduced at
higher temperature. It is likely attributed to the evaporation of the water molecules
from the oil. The same conclusion can also be drawn from the observation that only
18oC differences in temperature leads to a significant change in water concentration
in the oil and it is more noticeable at higher values of relative humidity (see Figure
6-1).
Figure 9-2 compares the trend of water concentration at 80oC and tribofilm thickness
evolution during the 2 hours tribotest for 95% relative humidity. Water concentration
seems to keep its value during the test indicating that there is an equilibrium between
evaporation and absorption of water in the system. It can be interpreted from Figure
9-2 that in the first 15 minutes (running-in) the decomposition rate of ZZDP is higher
than one in the later stages during which the rate levels out.
It can be seen from Figure 6-2 that the higher relative humidity in the range of 80%
to 95% leads to the lower tribofilm thickness as well as higher wear at 80oC and the
same trend was also found at 98oC (Figure 6-3). Cen et al (44) found the same trend
in their work. The comparison between these two temperatures shows that the
differences between the steady state tribofilm thicknesses for the low humidity values
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and high humidity values are more distinguishable at low temperature (80oC) due to
the higher water concentration in the oil (see Figure 6-1).
Figure 9-2 Water contents and tribofilm thickness over 2 hrs rubbing time for
95% relative humidity at 80oC
As it was shown in Figure 9-2, certain amount of water is present in the oil over the
entire rubbing time preventing ZDDP molecules from reacting with the surface to
generate tribofilm after first 15 minutes. It was also found that relative humidity
hinders the formation of the tribofilm. This could be a reason for the thickness of the
ZDDP reaction layer to reach steady-state value and then levels out. This effect is
prominent at higher relative humidity for the both tested temperatures (see Figure 6-9
and Figure 9-2).
The growth rate of the tribofilm is also reduced by increasing the relative humidity
which supports the fact that relative humidity prevents the formation of ZDDP
tribofilms. This effect is significant at higher levels of humidity and lower
temperatures as shown in Figure 9-3. For the purpose of better representation, Figure
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9-5 shows a 3D visualisation of MTM SLIM images and distribution of the tribofilm
within the surface. In the same figure, two different points during the tribotest were
considered, i.e. for the lowest and highest relative humidity at 80oC (the points are
indicated in Figure 9-4).
It can be clearly observed that the ZDDP tribofilm does not form uniformly on the
surface. In addition, higher humidity seems to lead to a patchier form of ZDDP anti-
wear layer. The patchiness of the layer is considerably higher at 95% RH in
comparison with 0% RH. The 3D map of SLIM image at 95% reveals that the
structure of the ZDDP tribofilm can be significantly affected by the presence of
humidity (point A3 and C3 in Figure 9-4). The distribution of the tribofilm thickness
ranges from 30 nm to 75 nm at 95% RH (see Figure 9-5), which suggests that the
tribofilm surface is rougher at higher humidity. The higher roughness was also
confirmed from the numerical values obtained from the 3D maps. The roughening
effect of relative humidity on the topography of the tribofilm surface might be one of
the reasons for the higher wear observed at higher relative humidity (point A3 and C3
in Figure 9-5).
The composition and structure of the tribofilm were investigated by XPS in order to
better characterise the ZDDP tribofilm formed in the presence versus absence of
humidity. The ratio of BO to NBO area obtained from XPS analysis is used to identify
the chain length of glassy polyphosphate (Figure 6-7 and Figure 6-8). This ratio allows
characterisation of polyphosphate chain composition ranging from zinc
orthophosphate to zinc metaphosphate. It can be clearly seen from Figure 6-9 and
Figure 6-10 that the value of BO/NBO decreases while the humidity increases for both
temperatures of 80oC and 98oC (see Table 6-1). The higher values of humidity seems
to lead to the formation of shorter polyphosphates chain length of zinc orthophosphate
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as compared to the case of zinc metaphosphate formed at lower humidity. The results
are aligned with the findings of Crobu et al (95, 98).
Figure 9-3 Effect of relative humidity on tribofilm growth rate
Figure 9-4 Tribofilm evolution at 0% and 95% RH
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Figure 9-5 A 3D visualization of MTM SLIM images and distribution of the
tribofilm on the surface for 0% and 95% RH at 80oC
According to the BO/NBO ratios, the shortest polyphosphate chain length was found
at 95% relative humidity at 80oC. On the other hand, the longest polyphosphate chain
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length was found in the case of 0% relative humidity at 98oC. It suggests that humidity
can affect the mechanical properties of the tribofilm especially at lower temperatures
and higher levels of humidity due to the higher water concentration in the oil.
Figure 6-1 discusses the water concentrations present in the oil at different values of
humidity. The lowest water content was found at 98oC and 0% RH, which is
responsible for the longest polyphosphate chain (metaphosphate). However, the
highest water concentration, which was found at 95% RH and 80oC, led to the
formation of the shortest glassy polyphosphate chain length. It could be interpreted
that humidity in fact not only alters the growth rate, topography of the tribofilm
surface and roughness of the ZDDP tribofilm but also changes the chain length of
polyphosphates and speeds up the depolymerisation reaction of longer chain
polyphosphates to shorter ones. The similar findings observed by Fuller et al (74) and
Nichollas (86) et al. They pointed out that longer chain polyphosphates could also be
depolymerised by water to shorter chain polyphosphates.
It can be summarised that in the presence of humidity the ZDDP anti-wear additive
generates patchier and rougher tribofilms consisting of shorter chain polyphosphates,
which leads to thinner tribofilm and higher wear. This detrimental effect might
weaken the reaction layer structure formed on the surface. Thus, it results in less
durable tribofilm that can be also easily removed from the surface, which eventually
causes higher wear. This is further supported by the results shown in Figure 6-11 and
Figure 6-12, which indicate that the average wear depth escalates when the relative
humidity increases. This trend is prominent at lower temperature and higher humidity,
which confirms that the ability of the ZDDP anti-wear additive to reduce wear is
sensitive to variations in operating conditions. These results are in a good agreement
with the studies done by Lancaster et al (53) and Cen et al (44, 60). It was proposed
191
that water contamination plays a significant role in accelerating wear of the system in
comparison with the effect of water on friction. Cen et al (44) found recently that
increasing the relative humidity leads to the higher water adsorption and higher wear
under pure sliding condition.
Figure 9-6 Effect of humidity on the atomic concentration of Zn, S, O and P of
ZDDP tribofilm after 2 hrs rubbing
Figure 9-6 demonstrates the influence of humidity on the atomic concentration of
ZDDP decomposition products such as Zn, S, O and P after 2 hrs rubbing. Humidity
clearly alters the atomic concentrations of O, S, P and Zn, which are the main
decomposition products forming layers of zinc phosphate. Humidity significantly
reduces the concentration of O and P. The general trend indicates that the higher the
relative humidity the lower the atomic concentration of O and P. On the other hand,
humidity accelerates the formation of Zn and S (Figure 9-6). The decrease in the
atomic concentration of O and P followed by an increase in the concentration of Zn
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can support the fact that shorter polyphosphate chain forming on the surface. This fact
is also supported by the significant reduction in the ratio of P/Zn over the 2 hrs test in
the humid environment. These findings are also aligned with the trend observed from
the ratio of BO/NBO indicating the ZDDP tribofilm consists of shorter chain
polyphosphates in the presence of humidity.
It can be summarised that humidity appears to prevent or delay the polymerisation of
shorter chain polyphosphates to longer ones. These findings are also aligned with the
literature (44, 174). Furthermore, it seems that more vulnerable phosphate chains
formed within the tribofilm in the presence of humidity, which can be easily broken
down.
The results suggest two possible mechanisms:
1- Firstly, humidity appears to be able to deteriorate the long chains
polyphosphates (weaker phosphate chains formed), which can be easily
depolymerised into shorter ones.
2- Secondly, humidity hinders the polymerisation of shorter chain
polyphosphates and therefore the longer chain polyphosphates cannot be
generated from the beginning of the test.
Figure 9-7 Effect of humidity on the ratio of P/Zn, P/O of ZDDP tribofilm after
2 hrs rubbing
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Combined effect of humidity and mixed water
As it is discussed in Section 9.1, water concentration in the case of mixed-water in oil
does not appear to be constant during the experiment (Figure 9-1). This trend in water
content can be split into two stages. Firstly, water concentration largely drops down
in the first 15 minutes followed by a second stage of steady state concentration. As
shown in Figure 5-2 and Figure 5-3, it seems that water delays the formation of the
tribofilm during the running-in period, which is more prominent for higher water
concentration and lower temperature. It confirms the observation that the higher the
water concentration the lesser the growth rate of the tribofilm. Figure 9-1 reveals that
most of the water in the oil evaporates in the first 15 minutes and polymerisation of
polyphosphates seems to start in the absence of water. Figure 5-2 illustrates that the
lesser tribofilm growth rate results in the lower steady state tribofilm thickness, which
is likely related to the weaker tribofilm formed in running-in period in the first stage.
It could be concluded that water not only affects the decomposition reaction when it
is present in the first 15 minutes but also alters the tribofilm formation even after it
evaporates from the oil. The ZDDP anti-wear layer formed in the presence of water is
less durable during the time water is present and it can be easily removed as shown in
Figure 5-2 and Figure 5-3. As indicated earlier, the general trend shows that the higher
the water concentration the lower the steady state tribofilm thickness.
To be able to better understand the effect of water on the durability of the tribofilm,
oil containing anti-wear additive was replaced with PAO without any ZDDP in the oil
after 25 minutes of starting the test. Figure 9-8 shows that the effect of water on the
tribofilm structure in the running-in period cannot be overturned even when water
evaporates and thus supports the hypothesis that ZDDP anti-wear layers formed in the
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presence of water are less durable. The weaker tribofilm formed in the presence of
water leads to higher removal after changing the oil.
Figure 9-8 Durability of the tribofilm for ZDDP with different water
concentrations at 80oC
The XPS results also suggest that the tribofilm contains short polyphosphates with
high amount of iron oxides and sulphides and high amount of zinc after replacing the
oil in the presence of water (see point C7 in Figure 9-8).
In the case of relative humidity (see Figure 9-2), certain amount of water is present in
the oil throughout the test as water evaporation and adsorption reach an equilibrium
stage. In this case, the higher relative humidity results in lower steady state thickness
of the tribofilm as well as less tribofilm growth rate. It appears that water
concentration combined with relative humidity hinder the formation of ZDDP
reaction layer during the test and that is the main reason for tribofilm thickness to get
levelled out into steady state. Humidity seems also to retard the polymerisation of
shorter polyphosphate chains into longer ones and weakens the longer polyphosphate
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chain bond formed in the tribofilm, which can be easily converted to shorter ones.
This behaviour can be attributed to the high amount of water concentration within the
oil throughout the experiment as shown in Figure 9-2.
Figure 9-9 indicates how polyphosphates chain length evolves during the test in the
presence and absence of water in the oil based on the ratio of BO/NBO. In the case of
95% relative humidity, the ZDDP reaction layer contains shorter polyphosphate chain
even from the beginning and it is lightly decreasing during the test. It is more likely
related to the certain amount of water present in the oil throughout the test, which
surprisingly results in forming shorter chain polyphosphates than in the case of 3%
mixed-water and 0% Humidity.
As it described before in this section, in the case of 3% mixed-water in oil, the ZDDP
additive generates shorter chain tribofilm in the first 15 minutes (first stage) and
delays the polymerisation of short chains into longer ones as water is present in the
oil. It is interesting to notice that the polymerisation reaction seems to immediately
start after the evaporating of the mixed-water from the oil. There is a slight reduction
in the chain length of polyphosphates even when the water evaporates from the surface
and polymerisation process starts to occur, which indicates that the formed
polyphosphate chains are less durable during the time water is absent (0% relative
humidity). The chemical bonds of the formed polyphosphates appear to be easily
broken, which makes the tribofilm more vulnerable to wear and removal (see Figure
5-2 and Figure 5-3).
The combined effect of water and humidity can be observed in Figure 9-10. The
results indicate that both mixed water in oil and humidity can largely affect the atomic
concentration of P and Zn, which are the main decomposition products generating
zinc phosphates within the tribofilm’s layers. It appears that Zn formation in the
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presence of mixed-water or humidity is considerably speeded up compared to 0%
relative humidity although the phosphorous concentration decreases for both cases
(see Figure 9-10). It can be determined that the presence of water either as water
contamination or water adsorbed from the humid environment can highly alter the
composition of ZDDP tribofilm. Further investigation into the Figure 9-10 reveals that
the effect of humidity on the acceleration and deceleration of Zn and P respectively,
is fairly higher than the case of 3% mixed-water in oil. It can be related to the water
evaporation from the oil in the case of 3% water (Figure 9-1 and Figure 9-2).
The atomic concentration of O appears to decrease when water or humidity is present
in the system and the effect of water is more prominent in the humid environment.
This can be related to the certain amount of water present in the oil throughout the
test. The reduction in the concentration of O results in a decrease in the ratio of BO to
NBO which shows that the ZDDP reaction layer is made of short polyphosphate
chains.
Figure 9-9 Evolution of polyphosphate chain length
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(a) (b)
(c) (d)
Figure 9-10 Combined-effect of mixed-water and humidity on the evolution of
O(a), Zn(b), P(c) and the ratio of P/Zn(d) of the ZDDP reaction layer over the
time
As described earlier in this section, water can delay the formation of the tribofilm and
hinders the polymerisation reaction of short chain polyphosphates for both cases
(mixed-water and humidity). All these observations suggest that the tribofilm consists
of shorter polyphosphate chains in humid environment than in the case of mixed-water
in oil, which is evident from the evolution of the atomic concentrations of P, Zn and
O.
Figure 9-11 shows the tribofilm evolution over rubbing time for 95% relative
humidity and 3% water at 80oC. It can be clearly observed that the growth rate of the
tribofilm for 3% mixed-water is slightly lower than in the case of 95% RH. The main
reason for this can be related to the higher water content present in the oil for 3%
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water than 95% relative humidity as shown in Figure 9-1 and Figure 9-2. Generally,
the results indicate that the higher the water concentration the lower the tribofilm
growth rate. As soon as water molecules start evaporating from the surface,
depolymerisation of shorter chain polyphosphates start to occur whereas in the case
of relative humidity certain amount of water still exists in the oil throughout the test
thus preventing the formation of the tribofilm.
Figure 9-11 Tribofilm evolution at 3% water and 95% RH at 80oC
To examine the effect of water on the structure of the formed tribofilm, 3D maps of
MTM SLIM images and distribution of the tribofilm within the surface are presented
in Figure 9-12 at two different points over the rubbing time. The ZDDP anti-wear
layer in the presence of water appears to be patchier and rougher for both humidity
and mixed-water than in the case where water is absent. The distribution of the
tribofilm within the surface reveals that the tribofilm thickness ranges from 0 to 75
nm at point A2 and 75 to 145 nm at point C2 indicating that the topography of the
tribofilm for 3% water content is considerably patchier than in the case of 95% RH.
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Figure 9-12 A 3D visualization of MTM SLIM images and distribution of the
tribofilm on the surface for 3% water (point A2 and C2) and 95% RH (A3
and C3)
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It can be summarized that water, whether adsorbed from the humid environment or
added to the oil before the test, generally is detrimental to the tribofilm and contacting
surfaces. Water can significantly affect the tribofilm formation, durability, structure
and even composition, which largely influence wear performance of the system. The
presence of water can cause delay in the tribofilm formation when the oil is
contaminated with water before the test whereas in the humid environment it hinders
the formation of the ZDDP reaction layer and the polymerisation of its polyphosphate
chains into longer chains. In the presence of water, thinner tribofilms are formed on
the surface. This effect becomes more prominent in humid environment as water is
present over the entire rubbing time as compared to the running-in period only in the
case of oil contaminated with water under low relative humidity. The presence of
water seems to make the tribofilm more vulnerable to wear and removal, which results
in higher wear of contacting surfaces in both cases. It was also found by Cai et al
(185) that water contamination above the saturation level in the oil (emulsion) is
detrimental for the system in terms of wear behaviour. In this study, it is also observed
that the lower temperature results in higher wear. It can be related to the more
evaporation of water at higher temperature. The higher temperature leads to the
thicker tribofilm formed by ZDDP. The same trends were proposed by Cen et al (44)
and Ghanbarzadeh et al (109).
Analytical study of the effect of water on tribofilm growth and
wear
As described in Chapter 7 two different approaches were used to analytically study
the effect of mixed-water and humidity on the tribofilm growth and how its impacts
on wear of the system. The aim of the first approach is set to be an evaluation of the
effect of water on the coefficient of wear. For this purpose, a modification factor, ψ
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was defined to be added to Equation 7-2 which is assigned to the effect of water on
wear. As it is expected from the obtained experimental results in Chapter 5, ψ which
is responsible for the water effects is increasing by increasing the mixed-water in oil
(see Table 7-3and Table 7-4). The results from the model suggests that the higher the
water concentration the higher the coefficient of wear. The same trend observed from
the model for the effect of humidity.
Table 7-6 clarifies that the higher coefficient of wear and ψ for both temperatures
assigned to the higher relative humidity. The influence of water corresponding to the
different humidity on ψ found to be higher than the case of mixed-water in oil. It
supports the fact that wear in humid environment is more detrimental than mixed-
water in oil. The model is also capable of capturing the effect of temperature on the
wear performance. The results for both cases suggest that the higher temperature
appears to reduce the wear due to the thicker tribofilm on the surface and lower
concentration of water.
Second approach is meant to capture the effect of water on the tribofilm growth and
its effect on wear of the system. Figure 7-13 and Figure 7-14 exhibit the higher water
concentration in the oil seems to decelerate the growth rate of the tribofilm as well as
steady state tribofilm thickness for both temperatures. It confirms the fact that the
model is able to predict the tribofilm growth. The same trend was observed in the
humid environment as presented in Figure 7-16 and Figure 7-17 indicating the
thickness of the reaction layer is decreasing by increasing the humidity as well as the
growth rate of the tribofilm. It can be also seen that the model can predict the
formation for both temperatures meaning the higher the temperature the thicker the
tribofilm for the both cases (mixed-water and humidity).
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As expected from experimental results, numerical wear calculations obtained from the
model are in a good agreement with the experimental measurements (see Figure 7-18
and Figure 7-19). The model appears to be able to accurately capture the wear
behaviour for two different temperatures. As it can be seen in the graphs, the higher
the relative humidity the higher the wear in the system. The mathematical model
follows the same behaviour in the case of mixed-water in oil. It can be summarised
that the effect of humidity on the growth rate of the reaction layer is different from
the effect of mixed-water in oil. The maximum film thickness seems to be the same
for all the water concentration whereas the maximum film thickness significantly
affected by different levels of relative humidity and it can be estimated by
mathematical model.
Durability of the tribofilm
For the purpose of investigating the tribofilm evolution and the durability of the
reaction layer within the time, oil was replaced at two different stages; early stage and
late stage as mentioned in Chapter 8.
Early stage
Figure 8-2 displays the replacement of PAO+ZDDP with PAO in the absence of
ZDDP at early stage (after 25 minutes of rubbing time) which significantly alters the
tribofilm growth behaviour. This replacement results in a large reduction in the
thickness of the tribofilm whereas there is no notable drop in the tribofilm thickness
when PAO+ZDDP exchanged with a fresh PAO+ZDDP. In this case, ZDDP reaction
layer keeps forming on the surface up to 100 nm tribofilm thickness. Mechanical
action seems to be responsible for the considerable reduction of the tribofilm thickness
when PAO+ZDDP replaced by PAO. The observations suggest that the top layer of
the ZDDP reaction layer formed on the surface is less durable than the bulk of the
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tribofilm which results in a decrease in the thickness when the oil replaced by PAO.
The results show that there is no sufficient ZDDP additive remained in the oil after
replacing PAO+ZDDP with PAO and the rate of the mechanical removal of the
tribofilm is higher than formation which results in a significant drop in the thickness.
It can be also said that the top layer of the ZDDP anti-wear layer is less durable than
bulk of the tribofilm and once the uppermost layer is removed, the tribofilm is durable
and the thickness does not change.
It is also shown that the drop in the thickness of the tribofilm is a rapid drop indicating
the top soft layer of the tribofilm is removed in the first few load cycles after replacing
the oil. The results obtained from XPS analysis on the samples (see point A1, C1 and
C2 in Figure 8-2) exhibit the toper layer of the tribofilm consists of longer chain
polyphosphate (point A1 and C1) which appears to be softer than the bulk of the
reaction layer (point C2) which is made of the shorter chain polyphosphates (see
Figure 8-5 and Figure 8-6). According to the refs (95, 98), this conclusion can be
drawn that the ZDDP reaction layer structure alters from metaphosphate (longer
chain) to orthophosphate (shorter chain) in the bulk of the tribofilm.
The results reveal that the mechanical properties of the tribofilm varies within the
thickness of the reaction layer that can be assigned to the chemical bonds between the
decomposition products of ZDDP such as P, Zn, O and S. The shorter polyphosphate
chain in the bulk of the tribofilm shows more durable structure than the top layer
which contains longer chain polyphosphates. The longer chain polyphosphates
(metaphosphates) seem to be more vulnerable and removable than the shorter chain
polyphosphates.
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Figure 9-13 A 3D visualization of MTM SLIM images at point C1 and C2
A 3D visualization of SLIM images from wear scar at Point C1 and C2 (Figure 8-2)
shown in Figure 9-13 to better understand the topography of the surface. It can be
interpreted from the figures that the tribofilm thickness ranges from 35nm to 105 nm
when PAO+ZDDP replaced by Fresh PAO+ZDDP. The 3D images also show that
roughness and patchiness of the reaction layer in the case of replacing PAO+ZDDP
with PAO is higher than the case in which PAO+ZDDP replaced by PAO. In the latter
case, Tribofilm thickness ranges from 5nm to 55nm. According to the change in the
mechanical properties of the reaction layer within the tribofilm, the longer chain
polyphosphates on the top layer appears to create rougher and patchier surface (point
C1) than the bulk of the tribofilm which contains short ones (point C2).
Late stage
Figure 8-3 displays the late stage replacement of the PAO+ZDDP with PAO to assess
the effect of rubbing time on the durability of the tribofilm. There is no significant
drop in the tribofilm thickness when the oil is replaced with PAO after 3 hrs of rubbing
time (Figure 8-3), however Figure 8-2 indicates that there is a large reduction of the
tribofilm thickness at early stage replacement of the oil. It could support the fact that
the durability of the tribofilm is also changing by rubbing time and it is more resistant
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to rubbing. Therefore, only a few nanometres of the film are removed. XPS analysis
confirms the presence of short chain polyphosphates at the end of both experiments
(point C3 and C4 in Figure 8-3). A comparison between early stage and late stage oil
replacements indicates that shorter chain polyphosphates exist on the surface
compared to the early stage (see Table 8-2). It appears that the durability of the
tribofilm is improved by rubbing time which might be a reason why the ZDDP
reaction layer is not removed after exchanging the oil with PAO. Results are in a good
agreement with the reports of literature (194). As it is observed in XPS analysis (see
Figure 8-7 and Figure 8-8), tribofilm contains shorter chain polyphosphates after 3hrs
rubbing. Rubbing appears to accelerate depolymerisation of longer chain to shorter
ones. The similar trend was observed by Crobu et al (95). They reported previously
that long chain polyphosphates convert to shorter chain polyphosphates due to
rubbing. There is another possibility that rubbing makes the longer chain weaker and
after enough rubbing time, longer chain polyphosphates easily broken to shorter ones.
Multiple replacement
Figure 8-4 exhibit when the oil replaced by base oil after 25 minutes of starting the
test followed by the exchanging PAO by a fresh ZDDP after 1hour of rubbing time,
the reaction layer appears to start forming again up to the higher level of tribofilm
thickness even higher than initial stage (see Point A2 and C5 in Figure 8-4). It has also
been shown in the literature that unreacted ZDDP can be replenished in the contact
areas and reform glassy polyphosphates (85) XPS analysis on the wear track at Point
A2, C5 and C6 display the reaction layer at A2 before replacing the oil by PAO contains
longer chain polyphosphates (metaphosphate) when the tribofilm is relatively thick.
Once the oil is exchanged and the tribofilm is partially removed, shorter chain
polyphosphates found in the tribofilm.
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It can be proved that the mechanical properties of ZDDP anti-wear layer varies from
the bulk to the top layer of the tribofilm. This behaviour can be assigned to the chain
length of polyphosphate varies from the shorter chain in the bulk to the longer ones
on the top. Furthermore, the significant drop in the tribofilm thickness, especially from
the top layer when the oil replaced by PAO (see point A2) can approve that the
uppermost layer which consists of longer polyphosphate chain is less durable than the
bulk of the tribofilm in which shorter chain ones exist. It has been shown that the
mechanical properties and chemistry of the ZDDP tribofilm varies from bulk to the
surface (81, 85, 86, 95, 195). This suggests that different chemistries can be correlated
for mechanical properties of the film.
A 3D map of SLIM images shown in Figure 9-14 confirms that as a result of replacing
the PAO with fresh PAO+ZDDP (see point C5 in Figure 8-4), patchier structure of the
tribofilm found on the surface than Point C6.
Figure 9-14 A 3D visualization of MTM SLIM images at point C5 and C6
Effect of temperature and load on durability of the tribofilm
As explained in the sections 8.4 and 8.5, tribological test conducted with the same
conditions to build up the tribofilm up to 25 minutes of rubbing time and then the oil
and temperature/load changed to PAO and different temperatures/loads to be able to
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assess the effect of temperature and load on the durability and chemical composition
of the ZDDP reaction layer. It can be obviously seen from Figure 8-11 and Figure
8-12 that changing the temperature to the higher temperatures (120oC and 140oC) after
replacing the PAO+ZDDP with PAO results in a significant reduction in the thickness
of the tribofilm which is an instantaneous drop after a few cycles (see point B1 in
Figure 8-11). The higher the temperature the higher the tribofilm removal. Heating up
the tribofilm formed within the first 25 minutes of rubbing to the higher temperature
appears to alter the durability of the tribofilm.
This leads to the immediate removal of the ZDDP-antiwear layer after starting the test
again. Results are supported by the previous study of the temperature effects on the
mechanical properties of ZDDP (90, 197). With respect to the BO/NBO ratios and
Zn3S-P2p binding energy difference at point A3 (see Figure 8-13), longer chain
polyphosphates found on the surface. As it is seen in the previous sections, longer
chain polyphosphates are softer than the short ones and easier to be removed from the
surface. This phenomena accelerates when the temperature is increased and makes the
structure more vulnerable and detachable. That can be a reason for the highest
reduction of tribofilm thickness occurred at 140oC. The same trend is observed for
120oC whereas the lower temperature (80oC) found responsible for the lowest
tribofilm removal (see Figure 8-13).
It seems that the cross-linked structure of ZDDP reaction layer becomes weaker and
less durable at higher temperature that can be broken and removed from the surface
by a few cycles of rubbing. The XPS results at Point B1 after a few cycles of rubbing
reveals that tribofilm contains shorter chain polyphosphates which cannot be removed
from the surface due to its durability.
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It is interesting to note that the growth rate of the tribofilm in the second stage (after
replacing the oil), is increasing by temperature as well. The highest growth rate found
in the case of 140oC which is responsible for the highest removal of the tribofilm as
well. Tribofilm after a large removal at 140oC immediately starts building up to the
75 nm thickness. The longer chain tribofilm observed at point C8 at the end of the test
(see Figure 8-13). Temperature appears to speed up the polymerisation reaction of
shorter polyphosphate chains to longer ones as longer chain polyphosphates found at
point C8.
It can be understood from the XPS results that temperature not only change the
mechanical properties and durability of the tribofilm but also plays a role of catalyser
and accelerates the decomposition rate of ZDDP and polymerisation reaction which
results in the higher growth rate of the tribofilm in the second stage.
The same behaviour observed for the effect of load on the durability and chemical
composition of the tribofilm. Figure 8-16 displays the tribofilm evolution for different
loads. Higher load results in the higher removal of the tribofilm. This variation is
plotted in Figure 8-17. Not surprisingly, reduction in the thickness of the tribofilm is
also linear with the applied load.
The comparison between the high load and low load suggests that when the tribofilm
is more removed for the case of higher load, there are shorter chain polyphosphates
present in its bulk after the removal. Therefore higher load is able to remove more
durable glassy phosphates in the bulk of the tribofilm and this behaviour is very
similar to the temperature effect on the removal of the tribofilm. For the temperature,
it is more reasonable that temperature changes the structure of the tribofilm therefore
changing its durability and removal behaviour. On the other hand higher load results
in more shear stress applied on the tribofilm which can lead to the more removal of
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the film. The same conclusion can be drawn from the effect of load and temperature
that the mechanical properties of the tribofilm changes within the tribofilm as well as
tribofilm structure (81, 85, 86, 95, 195).
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Conclusions and Future Work
This chapter discusses the conclusions derived from this work. A combination
conclusion of the effect of water on the tribofilm formation, characteristics, durability
and its effect on wear performance of the tribological system; the effect of humidity
on the decomposition products of ZDDP anti-wear reaction layer and its effect on
wear performance; analytical study of the effect of water on ZDDP tribofilm growth
and its correlation with wear and finally, the effect of temperature and load on ZDDP
tribofilm structure and its effect on durability of the layer. At the end of this chapter,
some future work will be presented.
Water effect on ZDDP anti-wear reaction layer and its effect
on wear
Section 5.2 and Section 5.3 have extensively studied the effect of water on wear
behaviour of boundary lubricated tribosystem in a rolling-sliding contact. The main
results are summarized in this section.
1. Water affects the tribochemistry of the zinc polyphosphates tribofilm on the
surfaces.
2. Water influences the growth behaviour of the tribofilm on the surfaces and
more water in the oil results in lower rate of the growth on contacting surfaces
3. Water in oil can delay the growth of the tribofilm in the running-in period and
it can significantly affect wear performance in boundary lubricated system.
This effect is more significant for the tests at 80oC in comparison with tests at
100oC due to more water in the oil
4. Higher water concentration leads to a reduction in the growth rate of the
tribofilm which in nature results in an increase in the wear of the system. One
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of the possible mechanisms might be that ZDDP molecules can be surrounded
by water molecules and prevented from reacting with the surface which leads
to the lower tribofilm growth rate at the beginning. (See Figure 5-5)
5. Steady state tribofilm thickness is also affected by water concentration in the
oil; the higher the water concentration the lower the tribofilm thickness. It
supports the fact that water not only delays the tribofilm formation but also
significantly alters the mechanical properties and structure of the ZDDP anti-
wear layer. The tribofilm formed in the presence of water seems to be less
durable in comparison with the tribofilm formed in the absence of water.
6. It was shown that tribofilm thickness in steady-state condition is not a good
representative of the wear behaviour of the system. However other important
physical, chemical and mechanical parameters are involved. The whole
growth behaviour of the tribofilm can be significantly important to
characterize wear. This means that running-in period is also important in
determining the wear of boundary lubricated systems.
7. According to the XPS results, water molecules can depolymerise longer chain
polyphosphates to the shorter ones and alter the structure of ZDDP tribofilm.
This indicates that presence of water in oil could in fact accelerate the
depolymerisation of longer polyphosphate chains to shorter ones.
8. Water seems to change the atomic concentration of O, P and S as well. This
could also show that water not only affect the chain length of phosphate
species but also alter the chemical bonds allowed with the phosphates. The
ratio of BO/NBO is also suggested that shorter chain polyphosphates found in
the presence of water (see Figure 9-9).
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The effect of humidity on the decomposition products of ZDDP
anti-wear reaction layer and its effect on wear performance
The effect of relative humidity on tribofilm characteristics and wear performance of
the boundary lubricated system in rolling/sliding conditions has been investigated for
the first time in this chapter by using MTM SLIM integrated to the humidity control
system. Notable observations in this chapter are summarized as follow:
1. The increase of relative humidity increases the wear of the system for both
temperatures of 80oC and 98oC. It can be attributed to the higher water
concentrations when higher humidity values are applied. It is worth
mentioning that the higher the temperature the less the wear due to the thicker
tribofilm thickness formed on the surface. The effect of humidity on wear
performance is more significant at lower temperature in comparison with
higher temperature.
2. Higher water contents in oil results in reducing the growth of the tribofilm
which causes higher wear in the system. Reducing tribofilm growth might be
because of the difficulty that ZDDP molecules have to access to the surface
and react with the substrate in the presence of higher amount of water.
3. Relative humidity can significantly affect the mechanical properties of the
tribofilm. It was found that the effect of humidity on tribofilm formation is
more significant at higher humidity and lower temperature (80oC) due to the
more water content in the oil.
4. Water concentration seems to keep its value during the test indicating that
there is an equilibrium between evaporation and absorption of water in the
system. It can be interpreted from Figure 9-2 that the presence of water in the
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first 15 minutes (running-in) accelerates the decomposition rate of ZDDP and
then it starts terminating the tribofilm formation and it levels out.
5. It can be also determined that relative humidity hinders the formation of
tribofilm and that could be a reason for ZDDP reaction layer to growth up to
the steady-state thickness and then levels out, and this effect is prominent at
higher relative humidity for both temperatures ( Figure 6-9 and Figure 9-2).
6. ZDDP tribofilm does not form uniform on the surface and higher humidity
leads to the patchier form of ZDDP anti-wear layer. The 3D map of SLIM
image at 95% reveals that the structure of the ZDDP tribofilm can be
significantly affected in the presence of humidity
7. It also shows that humidity not only alter the growth rate of the tribofilm but
also changes the chemical composition and structure of the reaction layer.
8. XPS results show that shorter chain poly phosphates present in the tribofilm
at higher relative humidity. It can be linked to the depolymerisation of longer
polyphosphate chain to shorter chain. The higher the relative humidity the
lower the ratio of BO/NBO.
9. It is more likely that humidity largely changes the composition of the ZDDP
tribofilm by altering the atomic concentrations of P and Zn which are the main
decomposition products forming layers of zinc phosphate.
10. The decrease in the atomic concentration of O and P followed by an increase
in the concentration of Zn can support the fact that shorter polyphosphate
chain forming on the surface. This fact is also supported by the significant
reduction in the ratio of P/Zn over 2hrs test in the humid environment.
11. For the purpose of comparison between the effect of mixed-water and
humidity, it can be mentioned that water delays the decomposition reaction in
running-in period when water mixed with oil (3% water). As soon as water
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molecules start evaporating from the surface, depolymerisation of shorter
chain polyphosphates start to occur whereas in terms of the humidity case,
certain amount of water exists in the oil throughout the test and humidity
prevents the formation of the tribofilm.
Combined effect of mixed-water in oil and humidity
It can be summarized that water generally is detrimental for all the tribological system
either water adsorbed from the humid environment or oil contaminated with water
before the test. Water can significantly affect the tribofilm formation, durability,
structure and even composition which largely influence wear performance of the
system. The presence of water can cause delay in the tribofilm formation when the oil
is contaminated with water before the test but it hinders the polymerisation of the
polyphosphate chain to form longer chains and formation of the ZDDP reaction layer
in the humid environment. Thinner tribofilm formed on the surface in the presence of
water and it is prominent in humid environment as water present over the rubbing
time compared to the time oil contaminated with water before the test.
The observations seem to make the tribofilm more removable and vulnerable which
results in higher wear in both cases. The higher the water concentration the higher the
wear happening in the system. Running the test in humid environment causes more
wear in the system compared to the mixed-water in oil as the consequences of
humidity are more detrimental due to the concentration of water throughout the test.
Analytical study of the effect of water and humidity
Analytical study of effect of mixed-water
The experimental results obtained from the effect of mixed-water in oil were used to
adapt Archard’s wear coefficient to the tribocorrosive conditions. The new wear
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model considering the effect of water was implemented into the previously-reported
numerical model to develop a new semi-deterministic numerical wear model adapted
to the tribo-corrosion system in this section (See Section 7.4). The key observations
can be summarised as shown below:
1. Two different numerical approaches were used to test the model and also
represent the effect of water in wear of the system. With respect to the first
approach, tribocorrosive wear can be predicted by modifying the Archard’s
wear coefficient. The modification parameter (Ψ) increases by increasing the 
water concentration. The simulation wear results show good agreement with
the experimental wear measurements.
2. It is concluded in this work that once the characteristics of the tribofilm growth
are captured, the model is capable of predicting tribocorrosive wear in
boundary lubrication regime.
Analytical study of the effect of relative humidity
Relative humidity and its effects on tribochemistry and wear of boundary lubricated
systems was examined experimentally in Chapter 6. In the current study the tribofilm
thickness and wear results obtained experimentally are used to develop a semi-
deterministic approach to implement the effect of humidity in wear prediction of
boundary lubrication for the first time.
A semi-analytical approach was applied to model the effect of relative humidity on
tribofilm growth and wear in boundary lubricated system in presence of ZDDP as an
anti-wear additive (See Section 7.5). Two approaches were employed to implement
the effect of relative humidity in predictive wear model and the following
observations can be drawn:
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1. In regards to the first approach, Archard’s wear coefficient is semi-
deterministically obtained for different levels of relative humidity from the
simulations. This can lead to the modification of Archard’s wear equation with
a modification factor of φ. This approach can be used by designers of
tribological parts to take in to account the effect of humid environment on the
durability.
2. In addition, the modification factor φ is increasing while the humidity
increases.
3. The second numerical approach was applied to consider the effect of humidity
on the tribofilm growth and the corresponding wear behaviour in boundary
lubrication. It is shown that successfully capturing the tribofilm growth
behaviour leads to predicting the tribochemical wear in boundary lubricated
conditions.
4. It was the effect of relative humidity on tribofilm growth behaviour and wear
is different from the effect of mixed-water in the oil which was the subject of
a recent study by the authors. In the latter case, the maximum film thickness
was found the same for different levels of water concentration while the
tribofilm growth rate found to be significantly affected which led to different
wear rates in running-in stage. In the case of relative humidity, the maximum
film thickness is influenced considerably.
5. Calibration of the numerical-tribochemical model suggests a linear variation
of ℎ௠ ௔௫ (maximum tribofilm formation) with relative humidity and the result
is a modification to the tribochemical model to adapt it to the tribocorrosion
conditions in humid environment.
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The effect of temperature and load on ZDDP tribofilm
structure and its effect on durability of the layer
The main focus of this study is to investigate the durability of the ZDDP tribofilm and
correlate it to the chemical properties of the glassy polyphosphates. The effect of
parameters such as temperature and load on tribofilm formation and its durability has
been studied experimentally by using a Mini Traction Machine (MTM) with the
Spacer Layer Interferometry Method (SLIM) attachment. Tribofilm durability so far
has not been studied extensively. The experimental results in this paper, show for the
first time that running conditions do not affect only the formation of the tribofilm but
also its durability and as such it should be considered in the tribochemical studies of
such additives. A methodology for studying the mechanical and chemical aspects of
the durability of the tribofilm derived from ZDDP antiwear additive is reported for
the first time in this work. The following conclusions can be drawn:
1. The dynamic growth of the tribofilm on the contacting asperities is important
for the antiwear mechanism of ZDDP on steel surfaces.
2. The experiments suggest that chemical characteristics and durability of ZDDP
tribofilm evolves in time. The results from XPS confirm that longer chain
polyphosphates convert to shorter chains when rubbing occurs and tribofilm
changes its structure. These changes in the structure are responsible for the
increase in the durability of the tribofilm. When the oil was replaced at 25
minutes, the tribofilm mainly consisted of metaphosphates while the structure
moved towards containing more pyrophosphates after 3 hrs.
3. ZDDP tribofilm is less durable in the early stages of tribofilm formation. The
durability of the ZDDP tribofilm is different at different stages of tribofilm
evolution.
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4. Physical parameters such as temperature and load significantly affect the
resistance of the film to the mechanical rubbing.
5. It was observed that temperature can significantly affect the structure of the
glassy polyphosphates in a way that the same applied load can remove more
glassy polyphosphates at higher temperature. The structure of the ZDDP
tribofilm evaluated by XPS shows that shorter chain polyphosphates
(pyrophosphates) are found on the tribofilm when a high amount of tribofilm
thickness reduction occurred. In contrast, relatively longer chain
polyphosphates were found when the applied temperature was low and a
relatively lower amount of tribofilm was removed.
6. Variations in the temperature in this study affect the viscosity of the oil but the
calculations of the severity of the contact and λ ratio is not significant. 
7. Higher lubricant temperature changes the structure of the glassy
polyphosphates which results in higher tribofilm removal once tested in base
oil. This observation was supported by XPS and different chain lengths of
polyphosphates were found at different depths of the tribofilm.
8. Not surprisingly, higher load results in higher tribofilm thickness reduction
and this variation is almost linear. The flash temperature was calculated for
different applied loads. It was found that the flash temperature is not varying
significantly by the applied load due to the small differences in the maximum
Hertzian contact pressures.
Future work
This research discussed the effect of water/humidity on the mechanical, chemical
properties of ZDDP tribofilms as well as their formation, removal and durability. The
correlation between the mechanical properties and the chemical composition of the
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ZDDP anti-wear layer was also presented in this study. Additionally, the effect water
and humidity on the tribofilm growth and wear performance were analytically studied.
There are several factors involved in the interfacial mechanisms of ZDDP tribolayer
need to be investigated further.
Experimental
 Investigate the effect of water and humidity on the rheological properties,
tribofilm formation and durability of ZDDP additive in nano-scale by using
AFM.
 Assess the impact of dissolved water and free water on the ZDDP anti-wear
additive and its tribochemistry. In this research, the type of water in the oil
cannot be specified as free or dissolved water.
 Investigation into the mechanical properties of ZDDP reaction layer using
nano-indentation test. This method can indicate that how water can affect the
hardness and modulus of ZDDP tribofilms and how this affect is related to the
tribological performance.
 The effect of water and humidity on friction behaviour of the ZDDP-antiwear
additive and its relation to the other tribological, mechanical and rheological
properties of the system.
 The interactions of the ZDDP antiwear additive with other additives such as
MoDTC, DDP, TCP. This will enable us to formulate a better mechanistic
understanding of the decomposition process of ZDDP.
 Study the effect of water on the tribofilms formed on different substrates than
bearing steel. In one case, the effect of water on non-doped H-DLC and doped
DLCs with different dopants can be studied.
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Modelling
 The effect of water and humidity on the tribofilm growth and its effect on the
friction behaviour of ZDDP additive.
 Effect of water and humidity on tribofilm formation and its effect on
subsurface stresses; therefore the water effect on micropitting and fatigue
 Adapt the developed model to the other lubricants and additives. This model
is only developed for PAO+ZDDP.
 Extend the model for tribocorrosion conditions including the effect of
passivation and repassivation of oxide layer on wear performance.
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